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SUMMARY

We consider a class of queueing systems that consist of server pools in parallel
and multiple customer classes. Customer service times are assumed to be exponentially
distributed. We study the asymptotic behavior of these queueing systems in a heavy traffic
regime that is known as the Halfin and Whitt many-server asymptotic regime. Halfin and
Whitt [32] consider an M /M /N system and fix the steady state probability that all servers
are busy so that the probability an arriving customer must wait for service exceeds 0 and
is strictly greater than one, while letting the arrival rate and the number of servers grow to
infinity.

Our main contribution is a general framework for establishing state space collapse results
in the Halfin and Whitt many-server asymptotic regime for parallel server systems having
multiple customer classes. In our work, state space collapse refers to a decrease in the
dimension of the processes tracking the number of customers in each class waiting for
service and the number of customers in each class being served by various server pools. We
define and introduce a “state space collapse” function, which governs the exact details of
the state space collapse. Our notion of state space collapse contrasts with that in Harrison
and Van Mieghem [36], which establishes a deterministic relationship between a lower-
dimensional workload process and the queue length processes. Our methodology is similar in
spirit to that in Bramson [13]; however, Bramson studies an asymptotic regime in which the
number of servers is fixed and Bramson does not require a “state space collapse” function.

We illustrate the applications of our results in three different parallel server systems. The
first system is a distributed parallel server system under the minimum-expected-delay faster-
server-first (MED-FSF) or minimum-expected-delay load-balancing (MED-LB) policies. We
prove that the MED-FSF policy minimizes the stationary distribution of total number
of customers in the system. However, under the MED-FSF policy all the servers in our

distributed system except those with the lowest service rate experience 100% utilization
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but under the MED-LB policy, on the other hand, the utilizations of all the server pools are
equal. We also show that under both policies the system performs as well as a corresponding
single queue system. The second system we consider is known as the N-model. We show
that when the service times only depend on the server pool providing service a static priority
rule is asymptotically optimal. The optimality is in terms of stochastically minimizing linear
holding costs over any finite time interval. Finally, we study two results conjectured in the
literature for V-systems. First, we prove a state space collapse result conjectured in Armony
and Maglaras [3]. Then, we propose a policy whose asymptotic performance is arbitrarily
close to the conjectured performance of the policy proposed by Milner and Olsen [53] and
prove a state space collapse result under this policy. We show for all of these systems that
the conditions on the hydrodynamic limits can easily be checked using the standard tools

that have been developed in the literature to analyze fluid models.



CHAPTER 1

INTRODUCTION

Multi-class queueing networks have been extensively used to model queueing systems arising
in manufacturing and service industries [34]. A special class of these networks, parallel
server systems that are commonly used to model service systems with many servers; see
[28], [47], [48], [49], and [57] for different applications, are of current interest. In a parallel
server system, customers are handled by a set of server pools and leave the system after
service. We also restrict our attention to systems with exponential service times. Similar
to multiclass queueing networks, exact analysis of parallel server systems is limited. Even
when available, results from classical queueing theory provide limited insight on the general
properties of the performances of these systems and rarely can be used for optimization
purposes.

An alternative tool for analyzing multiclass queueing networks is diffusion approxima-
tions. For heavily loaded networks, conventional heavy traffic approximations have been
shown to provide accurate approximations for the system performance; see [15] and [65].
Under a conventional heavy traffic analysis almost all the customers are delayed in queue
before their service starts. This is not the case in many systems that are especially seen in
the service sector. For instance, a typical call center consists of many agents catering to
a high volume of customers. A common performance target for call center managers is to
have only a small percentage of customers delayed in queue before their service starts while
keeping server utilizations high. It is empirically observed that this can be achieved when
the number of servers in the system is large; see Section 4.1.2 in Gans et. al [28]. These
systems are said to be operating under the quality and efficiency driven (QED) regime [28].
Starting with the seminal paper by Halfin and Whitt [32], these systems are analyzed under
the Halfin and Whitt many-server limiting regime, which is also known as the QED regime

since high utilization of the servers is achieved together with a high quality of service. It



has been shown that the Halfin and Whitt regime is the right asymptotic regime to study
the service systems with many servers that are QED, that is, this regime captures the gain
from economies of scale which cannot be captured by conventional heavy traffic analysis;
see Garnett et al. [29] and Gans et al. [28]. Staffing rules such as the square-root safety rule
has been established using these analyses which have not been observed from the classical
queueing theory results such as the Erlang-C formula.

General procedures to establish the validity of conventional heavy traffic and many-
server diffusion limits are different. To establish a conventional heavy traffic limit a sequence
of systems having mean service times and inter-arrival times that become close for one or
more stations in the network is considered. The number of servers are taken to be fixed for
each system. Then, a heavy traffic limit theorem is established by studying the convergence
of the stochastic processes associated with each system. On the other hand, a many-server
diffusion limit is established by considering a sequence of systems with all servers having
fixed service rates. The number of servers and the arrival rates grow to infinity in a way
that the traffic intensity of one or more server pools converge to one.

In two companion papers, Bramson [13] and Williams [69], sufficient conditions are given
under which a conventional heavy traffic limit theorem holds for a general class of multiclass
queueing networks. The framework in Bramson [13] is also of independent interest; it
enables one to show a state collapse (SSC) result by checking whether a similar SSC result
holds for the hydrodynamic limits. His framework has been used to show SSC results in
conventional heavy traffic diffusion limits for different multiclass queueing networks; see
Bramson and Dai [14], Stolyar [61], Mandelbaum and Stolyar [52], Dai and Lin [21]. In
these papers, the SSC results enabled the authors to establish the diffusion limits of the
systems under consideration.

A general theory to prove many-server limit theorems have not been established yet.
Due to the differences in the procedures to obtain diffusion limits under the conventional
heavy traffic and many-server asymptotic regimes, the results of Williams and Bramson

cannot be readily extended to the many-server asymptotic analysis. In this study, we



extend the framework in Bramson [13] to show that multiplicative SSC results in many-
server diffusion limits can be established by checking that the associated hydrodynamic
limits satisfy certain conditions. Hydrodynamic limits are generalizations of fluid limits and
their structure is determined using a functional weak law of large numbers. Our framework
presents a relatively easy and a general method to establish SSC results in many-server
diffusion limits, as Bramson’s framework does in conventional heavy traffic diffusion limits.

Before we summarize our framework, we give the details of the Halfin and Whitt limiting
regime. In [32], they consider a sequence of GI/M/n systems. Let A, denote the arrival
rate to the system with n servers, u be the service rate of each server and p, = \,/(nu)
denote the traffic intensity. They show that the steady state probability that there is at least
one customer in the queue waiting for service converges to a limit 0 < a < 1 if and only if
Vn(1—py,) — 6, for some 6 > 0, as n — oco. Let X™(t) denote the total number of customers,
including those in service, in the nth system at time ¢. They show that the properly scaled
number of customers in the system process, X™(-) = (X" (-)—n)/\/n, converges to a diffusion
process if X ™(0) converges weakly. They also show that the steady state distribution of the
queue length converges to the steady state distribution of the limiting diffusion process. This
fact makes the use of diffusion limits attractive to approximate the steady state performance
measures of these systems.

The current literature focuses on generalizing the analysis in Halfin and Whitt to other
parallel server systems. However, this line of research is still in its early stages and only for a
few systems with special topological properties similar diffusion limits have been established.
Recent papers; see, for example, Armony [1], Armony and Maglaras [3, 2], Gurvich et al. [31],
Maglaras and Zeevi [47, 48, 49], establish diffusion limits of certain classes of parallel server
systems. As stated in Section 4 of Gans et al. [28], many-server asymptotic analysis is one
of the most promising research directions in the analysis of parallel server systems with
many servers, more specifically for the analysis and optimal control of call centers.

In this study, we begin with presenting a unifying framework for the analysis of parallel
server systems. First, we determine the queueing equations that must be satisfied by a

parallel server system. Then, we formulate a static planning problem which is similar to



that in Harrison [35]. Using this formulation we characterize a general many-server heavy
traffic condition. The solution of this problem reveals the long-run proportion of servers
that must be allocated to each customer class. Also, we obtain conditions under which
the queue lengths will not grow without bound and restrict our attention to systems that
satisfy these conditions. This is achieved by considering control policies that achieve the
optimal long-run allocation proportions that is necessary for stability. We present a general
fluid model framework that can be used to check if a control policy achieves these long-run
allocations. It will be shown that for a policy that satisfy these conditions it is enough to
check that a set of deterministic equations satisfy certain conditions in order to prove a SSC
result.

Once we formulate the many-server heavy traffic condition we focus on establishing a
framework to prove SSC results. As discussed above, SSC results play an important role in
establishing conventional heavy traffic approximations as shown by Williams [69] and it is
apparent from the current literature; see [1], [2], [3], and [31], that they are also crucial for
establishing many-server diffusion limits.

The SSC framework established in Bramson hinges upon the observation that by slowing
down the clock of the diffusion scaled processes, achieved by working with the hydrodynamic
scaling, the events that happen instantaneously in the diffusion limits can be observed in
more detail. The motivation behind using the hydrodynamic limits to study an SSC result
in the current setting is based on this observation. We use the hydrodynamic scaling which
is obtained by slowing down the time in the diffusion scaling used by Halfin and Whitt.
Using this scaling we obtain the structure of the hydrodynamic limits. By utilizing the
connection between the hydrodynamic limits and the diffusion limits, we show that certain
conditions on hydrodynamic limits imply an SSC result in the diffusion limit.

In short, we show that in order for a state space collapse result to hold in the diffusion
limit it must hold eventually for the hydrodynamic limits. The general structure and defini-
tion of hydrodynamic limits are complicated. It is not clear how one can check the required
condition on hydrodynamic limits by directly using the definition. We overcome this hurdle

by showing that the hydrodynamic limits of a general parallel server system must satisfy



a set of deterministic equations which we call the hydrodynamic model equations. These
equations possess some of the nice properties of the fluid model equations but they are
different. We illustrate how fluid model tools can be used to show that the SSC results for
the hydrodynamic limits of three systems, to be explained below, hold.

Our results differ from Bramson’s in several aspects. As described above, we focus on
systems under the Halfin—Whitt many-server regime whereas Bramson focused on systems
under conventional heavy-traffic. The main technical difficulty in extending Bramson’s re-
sult to the many-server asymptotic regime stems from the number of servers going to infinity
because it is assumed to be fixed at a finite value in the conventional heavy traffic analysis.
Also, the class of SSC results we consider here is different than those considered by Bram-
son. Bramson [13] focused on establishing a relationship between the workload and queue
length processes of a system. Although this relationship plays an important role in the con-
ventional heavy traffic analysis, studying the workload process does not seem to help in the
many-server asymptotic analysis. Loosely speaking, we use the term “state space collapse”
to refer to a decrease in the dimension in the limit of the queueing processes associated with
the system studied. To mathematically characterize such a result we introduce the notion
of SSC functions which has not been used in the literature. Therefore, some of the results
presented here does do not have corresponding counterparts in Bramson’s framework. In
addition, the hydrodynamic limits established in this study for the many-server setting are
new.

We present the applications of our main result in three different parallel server systems.
The first system we study is a distributed parallel server (DPS) system. A DPS system
consists of a single customer class and multiple server pools. Each customer must be
routed to a server pool or a queue at his arrival time following a routing policy. We focus
on two control policies; the minimum-expected-delay—faster-server-first (MED-FSF) policy
and the minimum-expected-delay—load-balancing (MED-LB) policy. Under both policies,
if all servers are busy when a customer arrives at the system, the customer is routed to the
queue that has the minimum expected delay. If there is an idle server at his arrival time,

then under the MED-FSF policy the customer is routed to the fastest available pool and



under the MED-LB to the least utilized available pool. We show that the MED-FSF policy
achieves complete resource pooling in the diffusion limit, that is, the many-server diffusion
limit and its stationary distribution of a DPS system under the MED-FSF policy is equal in
distribution to the corresponding system that has a single queue where all customers wait
for service. However, under the MED—-FSF policy all the servers in our DSP system except
those with the lowest service rate experience 100% utilization. A common goal in call center
management is to have all the servers to be utilized “fairly”. The MED-LB policy achieves
this objective. We show that the MED-LB policy asymptotically balances the load of the
Servers.

The second system we study is an N-system. An N-model consists of two customer
classes and two server pools. The servers in the first pool can only serve class 1 customers
whereas the second pool can serve either class. We assume that the second server’s service
rate is the same for both classes. We show that a static priority rule is asymptotically
optimal for such N-models with many servers. The optimality is in terms of stochastically
minimizing linear holding costs.

Finally, we illustrate the strength of our framework by solving two open problems from
the literature. Both of these results are for a a parallel server system with a V-design, V-
system for short. A V-system consists of a single server pool and multiple customer classes.
We will focus on the case with two customer classes and assume that service rates of the
customer classes are equal. The first policy we consider is a threshold policy proposed in
Armony and Maglaras [3]. We prove that under their policy, the SSC result they conjecture
holds. The second policy we consider is a more complicated threshold policy proposed by
Milner and Olsen [53]. We first discuss why the SSC result they conjectured cannot be shown
in standard function spaces used for the asymptotic analysis of queueing systems. Then,
we propose a policy whose asymptotic performance is arbitrarily close to the conjectured
performance of the policy proposed by Milner and Olsen. We prove a SSC result that is
similar to that conjectured in Milner and Olsen under this policy.

The rest of this proposal is organized as follows. In the following section we review the

related literature. We introduce the notation used in this thesis in Section 1.2. In Chapter 2



we introduce the parallel server systems and present the set of queueing equations that must
be satisfied by these systems. In Chapter 3 we define the hydrodynamic limits and present
our main results. Applications of our main results are presented in Chapter 4. The reader
who wants to see the applications before the abstract theory can skip Chapter 3 and read

Chapter 4 first. We conclude with some remarks and future research directions in Chapter 5.

1.1 Previous Work

In this chapter we review the literature. Standard references on conventional heavy traffic
analysis include Harrison [34], Chen and Yao [15], and Whitt [65]. Results from classical
queueing theory for the analysis of parallel server systems can be found on several textbooks;
see, for example, Ross [59] and Gross and Harris [30].

Early many-server diffusion approximations had appeared in Borovkov [12], Iglehart [42],
and Whitt [64], with the limiting traffic intensity of the system converging to a values less
than one, before Halfin and Whitt [32] studied the regime explained above. We restrict the
rest of our review to the literature on the Halfin-Whitt many-server asymptotic analysis.

The analysis of Halfin and Whitt has been extended in several directions. Garnett et al. [29]
studied the asymptotic analysis of an M /M /n system with impatient customers and they
have established similar results to those in Halfin and Whitt. Puhalski and Reiman [56] es-
tablished the diffusion limit of a G/PH/n system, where PH stands for a phase type service
time distribution. They have also established the many-server diffusion limits of a V-model
parallel server system under a static priority policy. To the best of our knowledge, the first
SSC result in the Halfin and Whitt regime appeared in Puhalski and Reiman [56]. Whitt [67]
studies the many-server diffusion limit of a G/H3 /n/m system, where H; indicates that the
service time distribution is an extremal distribution among the class of hyperexponential
distributions. He later uses this analysis in [66] to approximate G/GI/n/m systems.

Armony and Maglaras studied an M/M/n system with two customer classes in [3,
2]. The hydrodynamic scaling we introduce in this study is similar to the scaling that is
used in that paper. This scaling was also used in previous studies by Maglaras [50] and

Fleming et al. [25] in different settings. Yet, the hydrodynamic scaling in the many-server



setting arises naturally from that in the conventional heavy traffic setting that is introduced
by Bramson [13].

Gurvich et al. [31] studies a V-parallel server system with impatient customers. They
show that a static buffer priority policy with a threshold policy is asymptotically optimal.
Armony [1] studies an inverted-V-parallel server system and shows that the faster-server-first
(FSF) policy is asymptotically optimal. The SSC results established in Gurvich et al. [31]
and Armony [1] can be easily proved by using our main results.

Another approach to construct effective control policies is to formulate a Brownian
control problem by mimicking the analysis in the conventional heavy traffic; see Harrison [33]
for an introduction and Harrison [40] and Harrison and Williams [37] for current research
in this field.

Harrison and Zeevi [38] and Atar et al. [7] study a V-parallel server system with impatient
customers in the QED regime and find asymptotically optimal control policies. Atar [6, 5]
follows a similar approach to that in [7] to find asymptotically optimal policies for tree-like
systems. In a related recent paper by Atar et al. [8] discusses the null controllability of
parallel server systems.

Although an analog of the framework in Williams [69] and Bramson [13] has not been
built for the many-server regime, diffusion limits of some general Markovian queueing sys-
tems have been established. Mandelbaum et al. [51] and Pats [54] provided the diffusion
limits for Markovian queueing network systems with exponential interarrival and service
times in different settings. However, our approach differs from theirs in several aspects. We
base our results on a multiclass queueing network setting and consider the control policies
to be a part of the queueing system formulation. They do not consider control policies
explicitly but assume that it can be incorporated in their “Markovian” service network for-
mulation. Since the control policies are not explicitly studied they do not explicitly define
the class of control policies that satisfy this assumption, but they illustrate the applications
of their results in several multiclass parallel server systems. Not considering the control
policies explicitly allows them to consider service and arrival processes whose rates can be

time and state dependent.



1.2 Notation

The set of non-negative integers is denoted by N. For an integer d > 1, the d-dimensional
Euclidean space is denoted by R? and R denotes [0,00). Let |z| denote the max norm on
R? given by || = max;—1 2. a{|7:|}. We also use |z| to denote the max norm on R41*%_for
d; > 0 and dg > 0. We use {z,} to denote a sequence whose nth term is z,,. For a function
f:R — R, we say that ¢ is a regular point of f if f is differentiable at ¢ and use f(t) to
denote its derivative at t.

For each positive integer d, ]Dd[O, o0) denotes the d-dimensional Skorohod path space;
see [24]. For z,y € D?0,00) and T > 0 we set

z(t) —y(®)llr = sup |z(t) —y(t)].
0<t<T

The space D?[0, 00) is endowed with the J; topology and the weak convergence in this space
is considered with respect to this topology. For a sequence of functions {x,} € D?[0,c0),
the sequence is said to converge uniformly on compact sets to x € ]D)d[O,oo) as n — o9,

denoted by z,, — x u.o.c., if for each T > 0
l|zn(t) — z(t)||lr — 0 as n — oc.

The term FSLLN stands for functional strong law of large numbers and FCLT stands for
functional central limit theorem; see [15] for details.

We assume that all the random variables are defined in the same probability space
(Q, F, P). A stochastic process can be viewed as a function from 2 x [0, 00) to R. In several
occasions, we will need to analyze the sample paths of stochastic processes. In those cases,
we will explicitly express the dependence by writing X (-,w) for the sample path associated
with w € Q of a stochastic process X. If the sample paths of a subset of €2 is analyzed, we

omit w from the notation.



CHAPTER 11

PARALLEL SERVER SYSTEMS

We consider a system with parallel server pools and several customer classes. A server pool
consists of several servers whose service capacities and service capabilities are the same.
Customers arrive to the system exogenously and upon arrival they are routed to one of the
buffers (or queues). Two customers that are routed to the same buffer are said to be in the
same class. Each customer is only served by one of servers. Once the service of a customer is
completed by one of the servers, he leaves the system. We refer to these systems as parallel
server systems.

We use I to denote the number of arrival streams, J to denote the number of server
pools, and K to denote the number of customer classes. For notational convenience, we
define Z = {1,...,I} the set of arrival streams, J = {1,...,J} the set of server pools, and
K =1{1,...,K} the set of customer classes.

We denote the arrival rate for the ith stream by \;. The customers arriving in the ith
stream are called type ¢ customers and customers that are routed to buffer k are called the
class k customers. We assume that the set of pools that can handle class k customers is
fixed and denote it by J (k). Similarly, we assume that the set of queues that servers in
pool j can handle is fixed and denote it by K(j).

Once a customer joins a queue he cannot swap to other queues nor can he renege. After
the customer is routed to a queue, say queue k, he proceeds directly to service if there
is an available server in one of the pools in J (k). We assume that the service time of a
class k customer by a server in pool j is exponentially distributed with rate pj, > 0 for
all k € J(k). We denote the number of servers in pool j by Nj, for j € J and we set
N = (N1, Na,...,Ny). We denote the total number of servers in the system by |N]|.

In order to operate a multiclass parallel server system control policies must also be

given. A control policy must specify a routing policy that can be used to route an arriving
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customer to one of the buffers and a scheduling policy that can be used to dispatch a server
to serve a customer. Such dispatching is needed in two circumstances. First, whenever a
server completes the service of a customer and there exist multiple customers in different
classes that the server can handle. Second, whenever a customer arrives and there exist
one or more idle servers who can handle that customer class. One can imagine a countless
number of policies to serve these purposes. We restrict our attention to control policies that
are head-of-the-line and non-idling. A scheduling policy is said to be non-idling if a server
never idles when there is a customer waiting in one of the queues that can be served by that
server and head-of-the-line (HL) if each server can only serve one customer at any given
time and the customers in the same queue are served on a first-in-first-out (FIFO) basis.
We assume that the control policy is non-preemptive; once the service of a customer starts
it can not be interrupted before it is finished. We do not make any assumptions about
the routing policy. We call a control policy non-idling and HL if the associated scheduling
policy is non-idling and HL.

We also focus on Markovian policies that use information on the queue-length and
number of customers in service to allocate servers to customer classes at the time of an
arrival to or a departure from the system. We define a strictly increasing sequence {o;}7°,
that specifies the successive times at which an arrival occurs to, or a departure occurs from,
some class in the network. These time points naturally depend on the policy and can be
constructed as described below. We assume that a policy takes action only when the state
of the system is changed via an arrival or a departure. Therefore, the server allocations
remain constant between [o,,0,4+1) for n > 1. The new allocations for the next interval
[0nt1,0n+2) are assigned based on the state of the system during the previous interval
[0, 0n+1) and the event happened at time o,49. Let e; denote the I dimensional ith unit
vector and Ej; denote the J x K matrix with all of its entries equal to 0 except its jkth
entry equal to 1. Also ey and Ey denote the zero matrices, i.e., all of their entries are equal
to zero, with dimensions I and J x K, respectively.

Let Q(t) = (Qk(t);k € K), where Qi (t) denotes the number of class i customers in

queue at time ¢t and Z(t) = (Z,(t);i € Z,j € J(i)), where Z;;(t) denotes the number
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of class k customers being served by a server in server pool j at time ¢t. To specify the

allocation scheme we assume that with each policy 7w there exists a measurable function

frt NL s NTXE 5 NI N/*E NI x N/*K guch that

fx (Q(on), Z(on), e, E) = (Q(ont1), Z(0nt1)) (2.1)

gives the new allocations, where e = ¢;, F = Ej if the event at time 0,1 is an arrival to
class i, e = eg, . = Ej;, if it is a class k departure from server pool j. We call f; the
transition function for policy m and we say that a policy is admissible if it is non-idling, HL,
non-preemptive, and has the Markovian structure described above.

A few issues must be addressed in our policy description. First, more than one event
may occur at the same time. In that case we order the occurrence times of the events
arbitrarily and let policy m make successive allocations at a time point. Also, a policy must
satisfy some physical constraints, e.g.; it cannot allocate more servers from a server pool
than the number of servers available. These constraints are formulated in the next section

within the system equations.

2.1 The dynamics of parallel server systems

In this section we describe the dynamics of a parallel server system. Actually, we will de-
scribe in detail the dynamics of a “perturbed” system. The perturbed system is closely
related to the parallel server system, and it allows us to write down queueing network equa-
tions that are similar to the ones in the standard multiclass queueing networks. Specifically,
the number of service completions in the perturbed system is more amenable to analysis
than it is in the original system. The equivalence of these two systems, under the exponen-
tial service time assumption, will be discussed at the end of this section. Note that a control
policy for routing and server scheduling is needed to operate the perturbed system. Like
the parallel server system, we assume that each control policy for the perturbed system is
non-preemptive, HL, and non-idling. We denote a generic non-idling and HL control policy
by .

The perturbed system is identical to the parallel server system except that its service

mechanism is modified as follows. At any given time, when n > 1 servers in pool j serve
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n class k customers, the n servers work on a single class k& customer, where as in the
original system each customer in service receives service from a server. The remaining n — 1
customers are said to be locked for service; they do not receive any service even though they
have left queue k. The single customer in service, called the active customer, can be chosen
arbitrarily among the n customers. We assume that the service efforts from the n servers
are additive in that service of the active customer is completed when the total time spent
by all servers on the customer reaches the service requirement of the customer. When the
service of the active customer is completed, the customer departs the system, and one of the
servers working on that customer is freed. At this point, the remaining n — 1 servers choose
a new active customer, and the freed server is either assigned to a class, say k', or stays
idle following a non-idling scheduling policy. In the former case, the server locks a class &’
customer, with a given service requirement, for service. If there is an active customer that
is currently being served by n’ servers in pool j that are working on class k' customers, the
new server joins the service efforts of these n’ servers on the active customer. Otherwise,
the locked class k' becomes an active customer, served by the new server.

The object of study in this paper is a stochastic process X = (A4, A,, A5, Q, Z,T,Y, B, D),
where X is defined via the perturbed system and each of its components is explained in
the next few paragraphs. The notation used in this section is inspired by that used in
Puhalskii and Reiman [56] and Armony [1].

The first component is A = (A4; : ¢ € T), where A;(t) denotes the total number of arrivals
by time t for type i customers. We give more details about the structure of the arrival
process in the next section. Here, we just mention that it is a delayed renewal process (see
Ross [59]). The second component is A, = {A;;i € I,k € K}, where A;,(t) denotes the
total number of type i customers who are routed to queue k at the time of their arrival and
who had to wait in the queue prior to receiving service and arrived at the system before
time t. The third component is A, = (A;jx;9 € I,k € K, j € J(k)), where A;;,(t) denotes
the total number of type ¢ customers who have been routed to queue k and started their
service immediately after their arrival at server pool j before time t. The component B is

(Bji, 1 j € T,k € J(k)), where Bji(t) denotes the total number of class k customers who
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are delayed in the queue and whose service started in pool j before time t.

The components Z and Q are (Zj, : j € J,k € K(j)) and Q = (Qi : k € K), respec-
tively, where we use Z;(t) to denote the total number of servers in pool j that serve class
k customers and Qg(t) to denote the total number of customers in queue k at time t.
The components 7', D and Y are (Tj, : j € T,k € J(j)), (Dji : j € T,k € K(j)), and
(Y : j € J), respectively, where Tj,(t) denotes the total time spent serving class k cus-
tomers by all N; servers of pool j, Dji(t) denotes the total number of class k customers
whose service is completed by a server in pool j by time ¢, and Y} () denotes the total idle
time experienced by servers of pool j up to time t. Note that T}, < Njt.

Let {Sjr, j=1,...,1,k = 1,2,...,J} be a set of independent Poisson processes with
each process Sji, having rate pj; > 0. We set S = (Sj;) and p = (). For the perturbed
system, we model the total number of class k customers whose service is completed by

servers in pool j via
Diji(t) = Sjr(Tir(t)), =0 (2.2)

The process X depends the control policy used in the perturbed system. In order to
emphasize the dependence on the control policy 7 used, we use X to denote the process.
Clearly, each component of A, A,, As, B, T, D, and Y is a nondecreasing process, and each

component of @) and Z is nonnegative. Furthermore, the process X satisfies the following
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equations for all £ > 0.

=3 Au®)+ > Y Ay(t), forallieZ, (2.3)

kel kek jeJ (k)
Qr(t) = Qr(0) + > Aw(t) — > Bj(t), forall k € K, (2.4)
i€T JjeT (k)
Zik(t) )+ Aiji(t) + Bji(t) — Djx(t), for all j € J and k € K(j), (2.5)
i€l
> Zi() (2.6)
keK(5)
Dji(t) = Sjk(Tji(t)), for all j € J and k € K(j), (2.7)
t
Ti(t) = / Zji(s)ds, for all j € J and k € K(j), (2.8)
0

t) = Njt — > Tjx(t), (2.9)
k

Qe [ D | Nj= D> Zu) || =0, forall k € K, (2.10)
jeJ (k) lex()
t
/ S (M= S Zuls) | dAu(s) =0, forall i€ T and k € K, (2.11)
0 jea 1K ()
Equations associated with the control policy . (2.12)

Equation (2.7) is identical to (2.2). The interpretation of (2.8) is that the busy time for
server pool j working on class k at time ¢ accumulates with rate equal to the total number
of servers from pool j working on class k customers at time t. Equation (2.10) implies
that there can be customers in the queue only when all the servers that can serve that
queue are busy. It is called the non-idling condition and indicates that a server can only
idle when there is no customer waiting in the queues that he can serve. Equation (2.11)
implies that an arriving customer is delayed in the queue only if there is no idle server that
can serve that customer at the time of his arrival. Equation (2.12) forces the routing and
scheduling decisions to be made according to the selected routing and scheduling policies.
Other conditions are self explanatory.

We call X; the m-parallel server system process (or just w-parallel server system), al-
though X is a process defined through the perturbed system. We denote the dimensions
of X and Z by d and d,, respectively.

Note that for given a control policy 7, and the associated function f; see (2.1), it can be
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applied to both the parallel server system and the perturbed system. For the parallel system,
one can define the corresponding process X = (A’, A, AL, Q', Z',T',Y', B', D) with each
component having the same interpretation as in the perturbed system. Clearly, A’ = A. But
careful readers have noticed that the corresponding equation (2.7) for the departure process
does not hold. Indeed, X/ is sample pathwise different from the corresponding process X,
although X! satisfies all equations (2.3)—(2.12) except (2.7). We have the following result

on the equivalence of two processes.

Theorem 2.1. Under an admissible policy w, X, is equal to X! in distribution when they

are given the same initial condition.

The proof that is placed in Appendix B uses the description of the primitive process
presented in the next section and we therefore recommend the reader go over the next

section first.

2.2 Primative processes

The main goal of this thesis is to study state space collapse results in many server diffusion
limits. Therefore, we analyze a sequence of systems indexed by r such that the arrival
rates grow to infinity as r — oco. The number of servers also grows to infinity to meet the
growing demand. We append “r” to the processes that are associated with the rth system,
e.g., Q(t) is used to denote the number of class k customers in the queue in the rth system
at time t. The arrival rate for the ith arrival stream in the rth system is given by A} and

we set A" = (A],...,\]). We assume that
Al — o0, i=1,...,1, (2.13)

as r — oo. We also assume that all the customer types are asymptotically significant and

the growth rate of the arrival rate for each type is proportional, that is,

X/ ON - ai, (2.14)

1€

as r — o0, for some a; >0 and all i € 7.
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Let {Sjr, j=1,...,J,k=1,2,..., K} be as given in the previous section and {v;y(l) :
1 =1,2,...} be the sequence of interarrival times of the process {S;(t) : t > 0}. Since S},
is a Poisson process, {v;i(l) : | = 1,2,...} is a set of independent and identically distributed

exponential random variables. We define Vj;, : N — R by

Vik(m) = Zvjk(l), m € N,
=1

where, by convention, empty sums are set to be zero. The term Vjj(m) is the total service
requirement of the 1st m class k customers that are served by pool j servers, and Vj is

known as the cumulative service time process. By the duality of Sj; and Vj, one has
Sik(t) = max{m : Vjp(m) < t}, t>0.
It follows from (2.7) that
Vie(Dig(t) < T (t) < Vie(Diy(t) + 1), for all j € J and k € K(j). (2.15)

This condition is identical to the HL condition in a standard multiclass queueing network,
where each station has a single server; see, for example, Dai [18].
Next, we give the details of the primitive arrival processes. Let E; = {E;(t) : t > 0} be

a delayed renewal process with rate 1 and E = {E; :i € T}. Let
Al (t) = Ei(Ait). (2.16)

Let {u;(l) : | = 1,2,...} be the sequence of interarrival times that are associated with
the process E;. Note that they are independent and {u;(l) : | = 2,3,...} are identically
distributed. We define U; : N — R by

Uim) = Y will). meN,
=1

and so

E;i(t) = max{m : U;(m) < t}.

We require that the interarrival times of the arrival processes satisfy the following con-

dition that is similar to condition (3.4) in Bramson [13].

E [ui(2)2+g] < 00, for all © € Z and for some € > 0. (2.17)
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Condition (2.17) is automatically satisfied by the service times since they are assumed be
exponentially distributed. For the rest of the paper, we assume that the primitive processes
of a parallel server system satisfy (2.17). We also assume that Q"(0), Z"(0), S, and E are
independent.

We require that the number of servers in the rth system in each pool is selected so that

r
J

lim ] = (3;, for all j € J and for some 3; > 0 and (2.18)
N
lim ﬁ = \;, for all i € Z and for some 0 < \; < oc. (2.19)
We assume that {|N"|} is strictly increasing in r and we set A = (A1,..., Af).

The process A can be taken to be a more general process than the one considered
here. One can also consider more general service processes, for example, by taking a series
of Poisson processes with the same rate or even with rates converging to a constant in
certain manner; i.e., the processes S;;’s may depend on r. We see no potential gain in the
applications by doing so; besides, (2.15) and (2.16) allow us to use the established bounds

on the primitive processes by Bramson [13] without any modification.

2.3 The static planning problem and asymptotic framework

The static planning problem (SPP) has been used in the literature to determine the optimal
nominal allocations of servers’ capacities for the service of customer classes; see Harrison [35]
and Dai and Lin [20]. Nominal allocations determine the long-run proportion of servers’ ef-
fort allocated to each class. We take a similar approach to determine the nominal proportion

of servers in a server pool that will be allocated to serve each class.
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The static planning problem is defined as
min p
s.t.

Zaik =\, forallieZ,

kel
2.20
Z ﬁj,ujkiﬂjk = Zaik, for all k € IC, ( )
jeT (k) ieT
Z zj < p, forall j € J,
keK(j)

Tjp, o5, > 0, forall j € 7,k € K, and i € 7.

The quantity a;x/A; can be thought of as the long-run proportion of type i customers
that are routed to queue k and xj, as the long-run proportion of servers in server pool
j that are allocated to serve class k customers. We set o = {a;; : ¢ € Z,j € K} and
x={xj,:5€ T, kek}

The objective of the SPP is to minimize the total proportion of required servers in each
pool. From this formulation it is clear that referring to « as proportions is a misnomer since
D oke K(j) Tjk may be greater than 1. We use the term “proportion” because of Assumption 1
below.

The main difference between our formulation of the SPP and the one in Harrison [35] is
that we model routing of customers to queues explicitly as in Stolyar [60]. We pay the price
by having one more constraint than his formulation. The main constraint is to be able to
serve all the incoming customers. This is formulated in the first and the second constraints.
The first constraint assures that all the arriving customers are routed to one of the queues
and the second constraint is needed to guarantee that enough service capacity is allocated
to all customer classes.

Let (p*,z* a*) be an optimal solution to the SPP. If p* > 1, it can be easily shown
that the queue length process is not bounded under the fluid limit for r large enough (fluid
limits are defined in Appendix A). We will assume for the rest of this paper that p* < 1.

Now, consider the sequence of parallel server systems described in the previous section,
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and the associated SPP with the rth system;
min p”
s.t.

Za;k =\, forallieZ,

kel
2.21
> Njpjeal, = oy, forall k € K, (2.21)
JjeJ (k) i€l
Z rly < p', forall j € J,
kEK()

T, o, > 0, forall j € 7,k € K, and i € 7.

Let (p™*, z"* a™*) be an optimal solution to (2.21). We formulate the many server heavy

traffic condition as follows.

Assumption 1. The SPP (2.20) has a unique optimal solution (p*,z*, o) with X given by

(2.19) and that solution has p* =1 and zkelC(j) xiy =1 forall j € J. Moreover,

VINT|(1 = p"™") — 0,

for some 8 € R as r — oo.

Even when the SPP (2.20) has an optimal solution with p* < 1, it is not a trivial task
to come up with a control policy that will achieve the optimal allocations in the long-run.
If p* is close to one, small deviations from the optimal allocations may again cause the
queue length to grow without a bound. This phenomenon is closely related to the stability
of a control policy in a multiclass queueing network setting. In this paper we only consider

control policies that satisfy the following assumption.

Assumption 2. For a control policy T,
G/ INT[ = Th(-) wo.c. as., (2.22)

as v — oo, if (Q"(0)/IN"[,Z"(0)/IN"|) — (0,2) a.s., as r — oo, where T} (t) = Bz}t

2= (2, € T,k €K())), and zjx = By
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We provide a general framework that can be used to check that a control policy satisfies
Assumption 2 in Appendix A.

In general, the diffusive scaling is defined in a way that allows one to study the fluctua-
tions of the queue length process around its long-run average. Implicitly given in Assump-

tion 2 and elaborated in Appendix A is that

Q"(-)/IN"| = 0and Z"(-)/IN"| — 2(-) w.o.c. as.,

as r — 00, where z(t) = z, for t > 0. Hence, we define the diffusive scaling as follows;

A r . Z7 (t) — x*, NT
Q"(t) = Q‘](\;Z‘ and Z7(t) = Jk(\)/ﬁk I fort>0. (2.23)
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CHAPTER II1

MAIN RESULTS

In this section, we present a general framework to prove a state space collapse result in the
many server diffusion limit of a m-parallel server system process. We first introduce the
hydrodynamic model equations. The solutions of these equations play an important role in
the general SSC framework. We present our main results in Section 3.2. Naturally, some
of the hydrodynamic equations depend on the policy used. We will present the additional
hydrodynamic equations for the policies discussed in Chapter 4, here we just note that they

can be obtained via standard arguments.

3.1 Hydrodynamic model equations

Consider the process X, = (A, Aq, A4,,0,Z,B ) and the following set of equations:

Ait = Y ek Air(t) + Xpex Djes Aigr(t), for all i € T, (3.1)
Qr(t) = Qr(0) + Licz Ain(t) = Xjerp Bin(t), for all k € K, (3:2)
Qr(t) >0, for all k € K, (3.3)

/L-k,flijk,éjk are nondecreasing for all 1 € Z,j € J, and k € IC, (3.4)

Zik(t) = Zj(0) + 3 ,c7 Aiju(t) + Bj(t) — pjrzjit, for all j € J and k € J(k), (3.5)

2kek () Zi(t) <0, forall j € 7, (3.6)

Ox(t) (zje 70 Siexth Zﬂ(t)) =0, for all k € K, (3.7)

Iy ey (Sien) Zi(s)) ddin(s) = 0, for all i € Tand k € K, (3.8)
Additional equations associated with the control policy T, (3.9)

where )\; is defined as in (2.19) and z;; as in Assumption 2. Equations (3.1)-(3.9) are
called the hydrodynamic model equations, and they define the hydrodynamic model of the
m-parallel server system. Any process X, satisfying (3.1)-(3.9) for all t > 0 is called a

hydrodynamic model solution.
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Hydrodynamic model solutions are similar to the fluid model solutions; they are deter-
ministic and absolutely continuous. However, comparison of hydrodynamic model equations
(3.1)-(3.9) with the fluid model equations (A.2)-(A.9) reveals major differences. The hy-
drodynamic counterpart of number of servers in pool j working on class k customers, ij,
can assume negative values unlike the corresponding fluid model process ij, which is al-
ways nonnegative. Also, the departure process D (and related processes T and Y) are
missing from the hydrodynamic model equations. The reason will become clear when we
present the mathematical origins of hydrodynamic model equations but it is also obvious
from (3.5) that D;x(t) = pirzjrt, Tjx(t) = zxt, and Y;(t) = 0 for all + > 0. This reveals
the importance of Assumption 2. Similar to the “efficient” policy concept in conventional
heavy traffic, under a policy that does not satisfy this assumption for large enough r fluid
scaled queue lengths will be unbounded. Also, the hydrodynamic model solution 7' cannot
be easily characterized for those policies.

The most important property of hydrodynamic model equations is that the hydrody-
namic limits satisfy these equations under certain general assumptions. This is similar to
the relationship between the fluid model equations and the fluid limits; see Dai [18]. Equa-
tion (3.9) is obtained from the policy w. It has to be justified mathematically that the

hydrodynamic limits satisfy this equation.

3.2 State space collapse in the diffusion limits

We need a machinery to define a state space collapse in mathematical terms, for this we use
a function with the following properties. Let g : RET% — RT be a nonnegative function

that satisfies the following homogeneity condition;

glax) = a‘g(x), (3.10)

for all z € RE+4= 0 < o < 1, and for some ¢ > 0. We call g an SSC-function. Nonnegativity
assumption is made for notational convenience and one can always consider |g| in order to
have a nonnegative function if g can take negative values. We make the following assumption

about the SSC-function.
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Assumption 3. The function g : RE+9= — R satisfies (3.10) and is continuous on RE+4=,

Assumption 3 is needed for a simple reason; we will consider a sequence of stochastic
processes that converges to another one and we would like to show that the sequence that
consists of the values of g evaluated for each process converges to the value of g evaluated
at the limiting process. Assumption 3 makes this possible by virtue of the Continuous
Mapping Theorem; see [15]. Condition (3.10) will be needed when we translate the results
from hydrodynamic scaled processes to diffusive scaled processes. The class of functions
that satisfy Assumption 3 is large enough for most purposes, however, this class can be
extended as discussed in Chapter 3.3.

As the machinery to state an SSC result has been set, we are ready to state the conditions
on the hydrodynamic model solutions that imply that an SSC result holds in the diffusion

limit. The following assumption is analogous to Assumption 3.2 in Bramson [13].

Assumption 4. Let g be a function that satisfies Assumption 3. There exists a function

H(t) with H(t) — 0 as t — oo such that
g(Q(t), Z(t)) < H(t) for all t >0 (3.11)

for each hydrodynamic model solution X.. Furthermore, for each hydrodynamic model so-

lution X with g(Q(0), Z(0)) =0, g(Q(t), Z(t)) =0 fort > 0.
We are ready to state the main result of this thesis.

Theorem 3.1. Let {XL} be a sequence of m-parallel server system processes. Suppose that
Assumption 1 holds, 7 satisfies Assumption 2, g satisfies Assumption 3, the hydrodynamic

model of w-parallel server system satisfies Assumption 4, and

9(Q"(0),2"(0)) — 0 in probability (3.12)

as r — oo. Then, for each T >0,
[ECRORAG)
(e, v |z, va)

as r — oo, where ¢ > 0 is given as in (3.10).

— 0 in probability, (3.13)
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Remark 3.2. The result of Theorem 3.1 is still valid if it is only assumed that hydrodynamic
limits, not the hydrodynamic model, satisfy Assumption 4. This relaxes the assumption
because it will be shown that every hydrodynamic limit over a finite time interval [0, L], for
some L > 0, is a hydrodynamic model solution on [0, L]. The set of hydrodynamic model

solutions may contain processes that are not hydrodynamic limits.

Remark 3.3. The SSC result as stated in Theorem 3.1 is called the multiplicative state

space collapse. If (QT’, ZT) also satisfies

lim limsup P {HQT()HT v “ZT()“T > R} =0 (3.14)

R—o00 r—00
for all T > 0, then one can use this property to remove the denominator from (3.13) and

obtain a strong state space collapse that is more suitable for applications.
The condition (3.12) can be relaxed as in Theorem 3 in Bramson [13] to only require
that Q"(0) and Z7(0) are stochastically bounded. The state space collapse result in this

case however does not hold initially at time 0.

Theorem 3.4. Let {XL} be a sequence of m parallel server system processes. Suppose that
Assumption 1 holds, 7 satisfies Assumption 2, g satisfies Assumption 3, the hydrodynamic
model of w-parallel server system satisfies Assumption 4, and ‘QT(O)‘ \Y ‘Z"(O)‘ s stochas-
tically bounded. Then, for some L™ = o(\/m) with L" — oo as v — oo, and for every

T >0 and e >0,
SUb, ) iierer [90Q7 (8, 27(1)

s e (0[]

as v — 0o, where ¢ > 0 is given as in (3.10).

P

>e€ep —0, (3.15)

Remark 3.5. Let {X7} be a sequence of m-parallel server system processes that satisfy the

conditions of Theorem 3.4. If in addition H, given as in Assumption 4, is bounded, then

lim_Timsup P ||g(@Q" (1), 2" (1))| > R} —0. 3.16
im timsup P { Jo(@ 0. 27 0)], (3.10)
The result (3.16) may be used in verifying that

Rhm lim sup P sup (‘QT ‘ v ‘ZAT(t)D >R =0. (3.17)

L7 /\/INT|<t<T
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Then, similar to Remark 3.3, one can deduce a strong state space collapse result from

Theorem 3.4 using (3.17).

3.3 FExtensions

In this section we discuss possible extensions of our SSC result. These extensions involve

relaxing the condition (3.10).
3.3.1 A weaker homogeneity condition

Theorem 3.1 can be generalized by relaxing condition (3.10) on the class of SSC functions.
We replace condition (3.10) with the following condition: there exist ¢; > 0 and ¢ > 0 such
that

a“g(z) < glax) < a®g(w) (3.18)

for all 2 € RE+4: and 0 < o < 1. Under (3.18) Theorem 3.1 holds with ¢ is replaced with

C1.
3.3.2 When the homogeneity condition does not hold

In this section we only assume that the SSC function ¢ satisfies the following condition.

Assumption 5. Function g : RE*T% — RT is a nonnegative function and continuous on

When the SSC function g only satisfies Assumption 5 but not Assumption 3 we need the

following additional condition on the queue length and busy number of servers processes.
Assumption 6. For every T' > 0 (3.14) holds.
For T' > 0 we define
r _ AT (. (. < )
Am) ={(|leol,v|zol,) <) (3.19)

Remark 3.6. In the current setting we establish the relation between the hydrodynamic
limits of the sample paths of w € A% (T) and a state space collapse result. Therefore, the

hydrodynamic limits, hydrodynamic model equations and hydrodynamic model solutions
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will depend on R and T'. To make this dependence explicit we refer to these hydrodynamic
limits, hydrodynamic model equations and hydrodynamic model solutions as the hydrody-
namic limits, hydrodynamic model equations and hydrodynamic model solutions on A’ (7).
One can show that hydrodynamic model equations (3.1)-(3.8) are still satisfied by all hy-
drodynamic limits. However, the policy dependent hydrodynamic model equations depend

on R and T.

Since the hydrodynamic limits are dependent on R and 1" we need to modify Assump-

tion 4 as follows.

Assumption 7. For every T > 0, there exists Ro(T) such that for every R > Ro(T), there

exists a function Hr 7(t) with Hrr(t) — 0 as t — oo such that

g <R (Q(t), Z(t))) < Hpp(t) for allt >0 (3.20)

for each hydrodynamic model solution X, on AR(T).

Furthermore, for each hydrodynamic hydrodynamic solution X, on AR (T) with
) 7 pr— 9 7 pr— > .
g(R(Q00).20)) =0, 9(r(Q).21))) =0, fort >0
We are ready to state the main result of this section.

Theorem 3.7. Let {X]} be a sequence of m-parallel server system processes. Suppose that
Assumption 1 holds, w satisfies Assumption 2, g satisfies Assumption 5, Assumption 6

holds, the hydrodynamic model of m-parallel server system satisfies Assumption 7, and
g(Q"(0), Z7(0)) — 0 in probability (3.21)
as r — oo. Then, for each T >0,
Hg(@’"(t), Zr(t))HT — 0 in probability, (3.22)
as r — 0o.

3.4 State space collapse framework

In this section we prove Theorems 3.1 and 3.4. We begin with introducing the hydrody-

namic scaling that will be used to define the hydrodynamic limits. Once we establish the
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relationship between the hydrodynamic scaled processes and the hydrodynamic limits we
translate condition (3.11) to a condition on the diffusive scaled processes. We finally show

that this latter condition implies the desired SSC result in the diffusion limit.
3.4.1 Hydrodynamic scaling and bounds

The hydrodynamic scaling is used by Bramson [13] to establish a relationship between the
hydrodynamic and the diffusion limits in conventional heavy traffic asymptotic analysis.
We consider a similar time scaling that slows the process down. This allows us to analyze
the events that happen instantaneously in the diffusive scale in more detail. This can be
achieved by using a scaling similar to the diffusion scaling as given in (2.23) but also scaling
the time by 1/ \/W . However, this scaling is not suitable for our purposes. We need the
more refined scaling which we call the hydrodynamic scaling. For any nonnegative integer

m, let
2 2

VN, (3.23)

xr,m =

()l (i)

where N7 is a diagonal matrix with N =Ny if 7 = j/ and 0 otherwise for j € J and
¥ = (xji,j € T,k € K) is given as in Assumption 2. Hence, Z"(t) — Nrz*isa Jx K
matrix with its (j, k)th entry equal to Z7, () — z7, NJ if k € K(j) and zero otherwise. We

define the hydrodynamic scaling by shifting and scaling the processes of X" as follows;

r,m o 1 r V‘Trvmt m AT m
w0 = (o (5 m) - (Fm) )
r,m o 1 r V‘Trvmt m AT m
A= <A< g *m) A(m))
r,m o 1 r \/‘Trvmt m AT m
Aq (t) - Trm <Aq ( |N7’| + /|Nr|> Aq ( /|Nr|>> ’
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T 1 r Trml m _ pr m
- k(G i) ()
r,m _ 1 T \/mt m _nr m
D(ﬂ_xm(D<Uw|+,MO D(‘MO)
r,m _ 1 r \/mt m . T m
) = Trm (T [N Mum) ! < \Nr\>>’

YT (g) =

8
=
3

Q) = — (QT

We define

r,m r,m 1 r \/ﬂi'r,mt m
Vie (D" (1),0) = ﬁ(vﬂc < ik < V7] + \/W) +bl>
m
v rk(___>+@)), 529
’ ( PAVINT
for b = (b1, b2) € R2. By (2.15),
V(DRI (), (0,1)) < TR (8) < V™ (D3 (1),(1,0)). (3.26)

Let XIm = (ATm AL™ AD™ Brm pram yrm Qrm zrm) - We call X™™ hydrodynamic

scaled process. From the definition of z;.,, we have that

IX""(0)] < 1.
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It can easily be checked that X" satisfies the following equations for all ¢ > 0.

A1) = Eer A () + Xex Xjegu Ak (1) Vi € T, (3.27)
Q™ (1) = Q™ (0) + Lier A" (1) = Xjegr Bii (1), 7k € K, (3.28)

Z3"(t) = Z3;"(0) + ZieI Apy () + B () — D" (t), V) € J and k € J(k), (3.29)
D;}gm(t) _ Sjk(\/-’ﬂr,mTj +TT m/\/ |NT Jk(Tjrk(m/\/ |NTD),VJ c j and k c j(k)7(330)

T () = Tt + VHT Ja 23 (s)ds, Vi € T and k € K(j), (3.31)
er’m(t) can only increase when ;¢ Z "(t) <0, forall j € J, (3.32)
Q1) (S jeam Swen) Zj0 (1) =0,vk € K, (3.33)

S jeran (zk,em Z7M(s )) dAT™(s) = 0,¥i € T and k € K. (3.34)

We have the following estimates that are similar to those established in Proposition 5.1 in

Bramson [13].

Proposition 3.8. Let {XI} be a sequence of m parallel server system processes. Assume
that Assumption 1 holds and 7 satisfies Assumption 2. Fix e >0, L >0 and T > 0. Then,

for large enough r,

P max
m<y/|N"|T

P max _ sup |D"™(t1) — D"™(t2)| > Nl|t1 —ta] +ep <€, and (3.36)
m<A/|N7"|T t1,t2<L

P max |V (D5"(t),b ——Drm
{m< Vi (D50 0.0) (t

AT

t
[N7]

AT’,m (t) _

>ep <, (3.35)
L

Hik
forall j € T,k € K(j) and for b= (0,1) or (1,0).

> e} <e, (3.37)
L

The proof is given in Appendix 3.5.1.1. Using this proposition, one can show that X" is
almost Lipschitz as given in the next proposition. In this section and for the remainder of

this paper N without a superscript is reused to denote a general constant.

Proposition 3.9. Let {X"} be a sequence of m parallel server system processes. Assume
that Assumption 1 holds and 7 satisfies Assumption 2. Fix e >0, L >0 and T > 0. Then,

for large enough r,

P max  sup |[X""(t1) — X""(tg)| > N|t1 —ta] +€p <, (3.38)
m</INT|T t1,t2<L
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where N < oo and only depends on (I,J, K, \).

The proof is given in Appendix 3.5.1.2. For convenience, we assume for the rest of the paper
that N >1and L > 1. Let

Ky = { max_ sup |X"7(t;) — X" (ty)] < Nty — to| + e(r)} , (3.39)

m<y/INT|T t1,t2<L

where L, N, and T are fixed as before and €(r) with e(r) — 0 as r — oo is a sequence of
real numbers. Similarly, we can replace € in (3.35) and (3.37) by €(r). We denote these
new inequalities obtained from (3.35) and (3.37) by (3.35') and (3.37"). Let K" denote
the intersection of Kf; with the complements of the events in (3.35') and (3.37"). As in
Bramson [13], when ¢(r) — 0 sufficiently slowly as r — oo, one can show that P(K") — 1
as r — 00.

We summarize the above discussion in the following corollary for future reference.

Corollary 3.10. Let {X”} be a sequence of m parallel server system processes. Assume
that Assumption 1 holds and 7 satisfies Assumption 2. Fix L > and T > 0, and choose N

and €(r) as above. Then, for K" defined as above

lim P(K") = 1. (3.40)

r—00

3.4.2 Hydrodynamic Limits of m-parallel server systems

In this section, we define the hydrodynamic limits of w-parallel server systems. First,
we define a set of functions which contains all the hydrodynamic limits. The following
definitions are similar to those in Section 6 of Bramson [13] and the notation is adapted
from that paper.

Fix L > 0. Let E be the set of right continuous functions with left limits, « : [0, L] — R%.

Let E' denote those z € E that satisfies
[z(0)] <1
and

|l’(7f2) — :E(t1)| < N|t2 — t1| for all t1,t0 € [O,L],
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where constant IV is chosen as in Proposition 3.9. We set
E"={X""'m < /|N"|T,we K"}

and

E={E":reN},

where T is fixed, and K" is defined as in the previous section. (These quantities are not
correlated to the external arrival processes E introduced in Chapter 2.2.)

We define a hydrodynamic limit z of £ to be a point = € E such that for all € > 0 and
ro € N, there exist r > rg and y € E", with [|z(-) —y(-)||z <e.

Since

Xrm0) <1 (3.41)

for all m < /|N7|T and r € N, the following result is a corollary of Proposition 4.1 in
Bramson [13] and is similar to Proposition 6.1 in that paper. It shows that the hydrodynamic
limits are “rich” in the sense that for r large enough every hydrodynamic scaled process is

close to a hydrodynamic limit.

Corollary 3.11. Let {X!} be a sequence of m parallel server system processes. Assume
that Assumption 1 holds, 7 satisfies Assumption 2. Let E, E", and € be as specified above.
Fixe >0, L >0 and T > 0, and choose r large enough. Then, for w € K" and any

m < \/|N"|T

ervm(.) - X(.)HL <e (3.42)

for some hydrodynamic limit X(-) of €& with X(-) € E'.

The next result is mainly needed to translate the condition on the hydrodynamic model
solutions to hydrodynamic limits given in Assumption 4. It also reveals the origin of hy-

drodynamic model equations.

Proposition 3.12. Let {X”} be a sequence of m parallel server system processes. Assume
that Assumption 1 holds and 7 satisfies Assumption 2. Choose L > 0 and let X, be a

hydrodynamic limit of £ over [0, L]. X satisfies the hydrodynamic model equations (3.1)-
(3.9) on [0, L].
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The proof is given in Appendix 3.5.4.

Observe that by (3.10) and definitions of hydrodynamic and diffusion scalings

l9(Q0), 2°(0)| < |9 ("0, 270)) (3.43)

If condition (3.12) holds, (3.43) implies that g (Q"°(0), 2"%(0)) — 0 in probability as r —

00. Therefore, we can choose €(r) with €(r) — 0 as r — oo such that for L7 = K" NG",

where
G" = {]g (Q"°(0), 2"°(0))| < e(r)},
we have
lim P (L) =1. (3.44)
We set
Ey = {X"(,w),we L'}
and

&y = {E;,T € N}.
The following proposition is similar to Proposition 6.4 in Bramson [13].

Proposition 3.13. Let {X]} be a sequence of m parallel server system processes. Assume
that Assumption 1 holds, 7 satisfies Assumption 2, g satisfies Assumption 3, the hydrody-
namic model of the m-parallel server system satisfies Assumption 4. Fixe >0, L > 0 and

T > 0, and assume that r is large. Then, for w € K"
g(Q""™(t), Z"™(t)) < H(t) + € (3.45)

for allt € [0,L], and m < \/|NT|T, with H(-) is given in Assumption 4.

Furthermore, for w € LT

l9(Q0(t), 20 (1)]|, < e. (3.46)
If, in addition, condition (3.12) holds, then (3.44) holds.

The proof is given in Appendix 3.5.2.1.
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3.4.3 State space collapse in the diffusion limits

In this section we change the scaling from hydrodynamic to diffusion to prove Theorem 3.1.
Once the scaling is changed, a few complications needs to be dealt with regarding the change
in the range of the time variable.

We begin with changing the scaling. One can check by employing (2.23) and (3.24) that

rm ’NT’ A VZrmt m 1 1

) =4 v = r vt d
¥ ®) xank |NT| *_Vqu yank ,AAﬁﬁy’ Fm) ) an
rm ’NT’ S V/Trmt m 1 4 1
Z»’ t) = r —|— = ZT - ,rmt_‘_m ,
o L N G Y A v AU

where
Trm A m N m
rom — 77, = QT —F V| Z" V1. 3.48
=T ‘ (W‘l)‘ (Wl)' 49

By changing the scaling in Proposition 3.13 as above, we can rephrase (3.45) and (3.46).

(3.47)

However, the domain of the time scales will change and the domain 0 < ¢ < L for the
arguments on the left hand side of (3.47) will correspond to

m 1
<t <

VINT T T VINT

for the arguments on the right.

(Yr,mL +m) (3.49)

Proposition 3.14. Let {X"} be a sequence of m parallel server system processes. Assume
that Assumption 1 holds, 7 satisfies Assumption 2, g satisfies Assumption 3, the hydrody-
namic model of the m-parallel server system satisfies Assumption 4, and (3.12) holds. Fix
e>0,L>0andT >0, and assume that r is large. Then, for w € K" and for H(-) given

as in Assumption 4

R N 1
o (@0.270) < vintt (VT = m)) + ot (3.50)
for allt € [0,T] and m satisfying (3.49).

If condition (3.12) holds, then

lo (.27 m)| (3.51)

< €yro
Lyr,0/+/IN"| ’

forwe L.
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Proof. The bounds (3.50) and (3.51) are obtained from (3.45) and (3.46), respectively, by

applying (3.47) and using (3.10). O

If we can show that (\/|N7|t —m)/y, m is large, where [N"| is the total number of agents
in the rth system, we can conclude the proof of Theorem 3.1 by using the convergence
property of H(-) as given in Assumption 4. It will be shown that it is enough to have

INT|t —m and L large.

Since the value of L is a matter of choice, we can take L sufficiently large and redefine
K" with the reselected L. Let H be given as in Assumption 4. Since H(t) — 0 as t — oo,
independent of L, for € > 0 fixed, there exists s*(¢) > 1 such that for t > s*(¢), H(t) < e.

We assume for the rest of the paper that
L > 6Ns"(e), (3.52)

where N is chosen as in (3.39).
In order to make \/|N"|t —m large, for a fixed t € [0,T], we take the smallest m that
satisfies (3.49), which we denote by m,(t). We need the following lemmas, whose proofs are

given in Appendix 3.5.3, to show that /|N"|t — m,(t) is large.

Lemma 3.15. Let {X"} be a sequence of m parallel server system processes. Assume that
Assumption 1 holds and 7 satisfies Assumption 2. For fixed L > 0 and T > 0, and large

enough r
Yrm+1 < 3Nyr,m (353)
for w e K" and m < \/|NT|T, with the constant N chosen as in (3.39).

Let yr(mr(t)) = Yrm,(t)-

Lemma 3.16. Let {X"} be a sequence of m parallel server system processes. Assume that
Assumption 1 holds and 7 satisfies Assumption 2. For fixed L > 0 and T > 0, and large

enough r
IN"[t = mp(t) = Lyy(mq(t))/6N (3.54)

forwe K" and t € <Lyr,0/\/ |N’"|,T], with the constant N chosen as in (3.39).
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Proof of Theorem 3.1. Assume that Assumption 1 holds, 7 satisfies Assumption 2, g
satisfies Assumption 3, the hydrodynamic model of the m-parallel server system satisfies
Assumption 4, and condition (3.12) holds.

Fix £ > 0. By (3.40) and (3.44), there exists 9 > 0 such that
P(K")>P (L) >1—¢/2 (3.55)

for all » > rp. Fix € > 0 and take L > 6Ns*(¢). Then, by (3.50) and Lemma 3.16, for

wek' te (Lyno/\/]NT’],T}, and r large enough
9 (Q®.27(1)) < 26 (yomn (1)) (3.56)

But, by (3.48),

yr(my(t)) =

o () | () [vr< ool v |z o], ve s

From (3.51) and (3.57), for t € [0, Lyyo//[N7]| and w € £7
g (@0, 2°®) < ctwror < (@ 0| vz 0| v1)" (358)
Combining (3.56), (3.57), and (3.58) gives
s(ewra) (ool fral, ) e

for all t € [0,7] and w € L". Finally, by (3.55) and (3.59), for large enough r,

9 (070, 270))

A

P - - > 2 p <.
rO vz H V1
(o0 v]z-o], 1)
This clearly implies (3.13) since € > 0 and £ > 0 are arbitrary. O

Proof of Theorem 3.4. Suppose that Assumption 1 holds, 7 satisfies Assumption 2, g
satisfies Assumption 3, the hydrodynamic model of the m-parallel server system satisfies

Assumption 4, and ‘Q’"(O)‘ v ‘ZT(O)

is stochastically bounded.

Let

u" " = max {uz(m)7m = 1727 st Ul(m - 1) < 2‘NTH)\‘L}7

1€l

36



where A = (Aq,..., A7) is given by (2.19). In words, ™™ is an upper bound, for r large
enough, for the maximum interarrival time for those events that started before time L of
the process {A; : i € I}, since A] < 2|N"||)| for large enough r. Assume for the moment

that

u"™m¥ [\/INT| — 0 in probability as r — oo (3.60)

and that for some sequence {L"} that satisfies the conditions given in the theorem

~ L ~ L
gl Q" A — 0 in probability as r — oc. (3.61)
< <V|NT|> <V|NT|>>'

Consider the sequence of processes {Y"} defined by Y"(-) = X"( \/‘L]:[—T‘ + ). Then, {Y"}

satisfies (3.12) by (3.61). Also by (3.60), distributions of the first interarrival times of the

processes A and S after L"/\/|N"| satisfy the conditions needed for Proposition 3.8 to be
valid. Since the other conditions of Theorem 3.1 are satisfied by {Y"}, the proof above can
be repeated to show that (3.13) holds for {Y"}. But, this shows that (3.15) holds for {X"}.
Hence, it suffices to show that (3.60) and (3.61) hold.

The limits (3.60) are proven in Lemma 3.17.

Next we prove (3.61). We show that there exists a sequence {L"} with L” — oo as

r — oo and L" = o(4/|N7|) such that for any € > 0 and £ > 0, there exists 7’ such that
N LT N LT
P\ Q| —/—==|.Z"
{ ( <v\N’"\> <v\N’"\)>

Set 6, = 1/n and L™ = (N™)"/* for all n = 1,2,.... Define K%, as in Section 3.4.1; see

> e} <&, (3.62)

for all r > /.

(3.39) and the discussion succeeding to (3.39), with L being replaced with L". Note that,

by the definition of ICTD and Proposition 3.14, there exists r,, such that for » > r,

1

P {lcgn} >1-1/n (3.63)
and
9 (@0.2°0) <ttt (T m)) + (3.64)

holds for all ¢ € [0,7] and m satisfying (3.49).
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Set L™ = L! and K" = ICT’Ll for r < ry, L" = L" and K" = ICT’Ln for r € (rp, rny1], and

for n =2,3,.... Note that L" = o(y/|N"|), and L" — oo as r — oco. Furthermore,

Tlingop(/ér) =1.
Fix €, > 0. Let
u, = {\Q"(O)( v (2?(0)( < R} . (3.65)

Choose rg and R > 1 such that for r» > rg
P(Up) >1-¢/2.

We fix R to this value for the rest of the proof.
Let r; be the smallest integer greater than ry that satisfies d,, < ¢/(2R¢). Choose

ro > r1 such that for all 7 > ro, L™ > 25%(d,, )R, where s* is defined as in (3.52).

For t € [R™1L"y,0/\/IN"|, L"yr0//IN"|], m(t) = 0 from (3.49) and
VINTIt > R L7y, 0.

Hence, for r > ry, by (3.64),

9 (@1, 27(0) < 20,950 < e (3.66)

for all t € [R™ L y,.0/7/IN"[, L"yr0//IN"|] and w € K™ N U,
Now observe that for w € K" NUY, L"//IN"] € [R™'L"y.0/+/IN"], L"yr0/+/IN"]] for

all » > 1. Hence, there exits r’ > 7o such that for r > »/

P{g (@@ /V/INTD, 27 (L7 /\/INT])) > e} <& (3.67)
This gives (3.62), thus completes the proof of (3.61). O

Proof of Remark 3.5. Assume that {X]} is a sequence of m-parallel server system pro-
cesses that satisfy the conditions of Theorem 3.4. Also, assume that g (QT(O),ZT(0)> is
stochastically bounded and H is bounded.

Fix L > 0. By assumption there exists a constant By > 0 such that sup,¢(g o) H(t) < Bo.

By (3.45)

g(Q"™(t), Z"™(t)) < 2By
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for all t € [0, L]. This implies, similar to (3.50), that

9@ (). 2 (), /i1 < 2Boviar (3.68)

for all w € K". Let U}, be defined as in (3.65). Since 1Q"(0)| V | Z7(0)] is stochastically
bounded by assumption, for € > 0 fixed, there exists R > 0 and r; > 0 such that P (U}) >

1 —¢, for all » > ry. For each fixed L, on U™ N K"

lg(@" (), 2" ), ey < N9(@ ), 27D, oy iy < B

Now choose the sequence {L"} as in the previous proof. Then,

timsup P {]lg(Q" (1), 2" (). sy > B < e

rT—00

Since € and R is arbitrary, this completes the proof. O

3.5 Proofs of the results in Section 3.4
3.5.1 Proofs of the results in Section 3.4.1
3.5.1.1 Proof of Proposition 3.8

We observe as in Bramson [13] that it is enough to investigate the processes with index
m = 0 and then to multiply the ensuing error bounds by the number of processes in each

case; \/|NT|T. To see this, note that

1 Al AP
AT () = —— (E < (Tt + !Nr\m)> — L ( T VINT >> :
V&Lrm INT| IN"|
Let u; ™ (1) be the first residual interarrival time of E; after time % |NT|m.

T

r,m )‘2
P{HA O = 1w

> 2EL}
L

=P H ! (E,-<t+ |IN”|m /\i>—E,-<>\i erym>>— i
VLrm |NT| |NT| v Lr,m

L/Trm N7 /|IN7)|
>26L}
< PE (t+ VINTImis ) = Bi | s/ INTIm ) — (¢ — ul™ (1))
|NT| [N Ly/Trm A7 /N7
rm g
Y Y U O B (3.69)
’ VLrm
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We show below that the first term on the right hand side is bounded by €/(L+/|N"|). So

it remains to be shown that the second term goes to zero as r — oo. That is, we need to

show that {u;"(1),7 € T} satisfies

u;™(1)/v/|N"| — 0 in probability as r — oo, for all i € Z (3.70)

for all m < \/|NT|T.

For each departure process, we have

r,m _ 1 ) r \/m m _ q. T 7777,
Djk (t) - <S]k <Tgk < ’NT’ t+ m)) Sjk <Tgk <\/W)>> (371)

,m

for j € J,k € K(j). Hence, by restarting the process at time m/y/|N7|, we have that the

only condition to be checked is whether the residual time of the first arrival for Sj; after
(C > € [0, |N"|T] satisfies a similar condition to (3.70).

7 T
time Tjk (—m

The following lemma, taken from Bramson [13], shows that (2.17) holds. Let

rlmar — paxc{|ug(1)] : Us(l — 1) < 2|A||[N"|T?}, for all i € T and
v;}gT’max = max{|vjp(l)] : Vjp(l — 1) < |N"|T'}, for all j € J and k € K(j).

Lemma 3.17. Assume that (3.70) holds and that \"/|N"| is bounded. Then, for given T,

uZ’T’max/\/ |INT| — 0 in probability as r — oo, for alli €T and

v;}cT’mam/\/ |INT| — 0 in probability as r — oo, for all j € J and k € K(j).

Proof. The proofs immediately follow by taking r = y/2|\||N"| and r = /| NT"|, respectively,
U

in Lemma 5.1 of Bramson [13].

Fix e >0, L > 0, and T" > 0. We prove each bound separately.

Proof of (3.35). Fix i € Z. Similar to (5.31) in Bramson [13], using Lemma 3.17, for

given € > 0 and large enough r,

€
P (”Ez(t) - t”2\)\|L\/9T-,o 2 2[AleLy, x7’70> = 12M\ LT
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And for r large enough,

r Zr,0t
1Et) > | 2D
— 1B 2NLyEns = VIro N7
A\

— A:’O(t)_ L t :

‘ INT[ ]l
Hence,

A
P3| A7) - it >2EL}—
{‘ Nl 2|A|LW N!N—"

and so

A" 21e
P {HAT’O(t) - t| > eL} < — .
INTI 2(A|L\/[N"|
Multiplying the error bounds by [/|N"|T"] and enlarging € by a factor of 2I(L V T') we

obtain (3.35). m

Proof of (3.36). Fix j € J and k € K(j) . We first show that for r large enough

to —t
P {0< Sl<lp -1 (Syk (2ﬁj,/xr,0t2) — Sjk (26]',/1}70151)) > 26]'\/%7» ( 2 1) + 4\/1} ﬁjLE}
Sti<t2<
4e
< — (3.72)
BiL\/INT|
By Proposition 4.3 of Bramson [13] and Lemma 3.17, for large enough r,
t €
PLIS(t) — — > 28, L/Trge p < 2——.
{ ! Hik 26;L\/Tro g ﬁjL\/xr,O
Then,
2085\ /Trot2 206;\/Trot1
P{ sup <<Sjk (28j\/Trot2) — ]7> - <Sjk (28j\/Trot1) — ]7>>
0<t1<t2<L Hjk Hik

4e
>4W@Le} 5]L o @'L\/W'

This gives (3.72). Next, we show that

ot ot
P (5 (2 (M) 8o (1 ()
0<t1<t2<L |NT| |NT|

zﬂjﬁ(b@ t1) +5W@Le} %

VED

(3.73)
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We prove (3.73) by showing that the event in (3.73) is included in (3.72). Assume that for

w e N

for some 0 < t1 <ty < L. Let

V7,0 tl
=L < RGR

for [ = 1,2. Then, for r large enough

0< 7 <7 <2L/Tof; and (3.75)
Ty — T1 < 24/ 005t — t1). (3.76)

By (3.74) and (3.76)

T2 _ T1
Ty 1 2ﬁj\/m 2\/5]’557“,0
Sji <2ﬁ«/_ﬂc —) — Sji (26-% ,o—> >26;/Tro
J J 7‘,02@_\/?’0 J JV L Qﬂj\/m YRVALS ik

+ 4, /:L'T’(]ﬁjLE.

< L . Using this and (3.76), we get that w also satisfies

By (3.75), 0 < 2@:/1% 2ﬁj Tw

the inequality in (3.69). Thus we have (3.73). By (3.71), this implies, by reselecting €, that

P { sup ‘DT’O(tQ) — DT’O(tl)‘ > N|t2 — t1| + 6} < (377)

t1,t2€[0,L]

_
VINT
with N = max;e 7 pe(;)10;/ 1k} Multiplying the exceptional probability by [/|N"|T']

and enlarging e appropriately we obtain (3.36). O

Proof of (8.37). By setting e =1, to = L, and t; = 0 in (3.77), we have that

P{ r (ﬁ >>2NL\/W} \/lj\’—l (3.78)

Off of the exceptional set given in (3.78)

<\‘/; >+1<3NL\/W
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Let a =0 or 1. It follows from Proposition 4.2 of Bramson [13] that for large enough n

l

P{‘Vj(l)—— zen}gi.
Hik Iy, n

By setting n = 3N L, /%, o, we get
D7, (t) 2¢ €
P Vir(Dhy(t) + a) — =L~ > 3NL,/Trge p < <B
]( jk() ) 145k ‘xr,‘OL 7,0 3NL\/m 2\/W
N’r

for By > 2/3N L. By enlarging e appropriately, we get for b = (1,0) or (0,0)
€

P{ }m

Multiplying the exceptional probability by [/|N7|T] and enlarging e appropriately we

.0
Di (t)
Hik

Vi (D3 (8),0) =

obtain
D™(t)

VIm(DEM (), b) — —2E
ik (Djy (2),0) or

P max > e, <e (3.79)
m<A/|N"|T I

For b = (0,1) and b = (0,0), by (3.25)

P{ max HV;;;WD;;?(t),B)—vj’;;mw;;fm(o,b)HLze}g
m<y/|N"|T

! {“ﬁ i (D% (W)) S (Dﬂ (W) * )

Observe that, by (2.15), Vi <D§k <L>> < |NT|T and by Lemma 3.17

> azr,me}. (3.80)

g
P {v;?;fvm” > /—xme} <e (3.81)
for large enough r. Thus, we get (3.77) by combining (2.15) with (3.79)-(3.81). O

3.5.1.2 Proof of Proposition 3.9

Proof. We use the bounds established in (3.35)-(3.37). Fix L,T, and € > 0. Choose r large
enough so that (3.35)-(3.37) hold with €/(3d). Let V" be the intersection of the complements
of the events given in (3.35)-(3.37), so P{V"} > 1 —e¢. We show that for r large enough and
all we V"

max_ sup |[X(t) — XPM ()] < Nty — to] + ¢ (3.82)

m<+/|N"|T t1,ta<L
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for some N that only depends on (I,J,K,\). We fix w € V" for the rest of the proof and so
omit it from the notation. Let t1,%2 € [0,7] and m > 0. We first show that for any j € 7,

and k € K(5)
Z3" () — Z;}fm(tl)‘ < Nolta — t1] + € (3.83)
for some Ny > 0. Since B;}ﬂm is nondecreasing we have by (3.29) that

0< B ()~ B (t) < Y (D" (t2) = D" (1)) (3:84)
leK(d)

Combining (3.84) with (3.29) yields
Z3 (t2) = 233" ()| < K |D"™ (k) — D™ (t1)] + T AT (t2) — A"(t1)]

By (3.35), |A"™(t2) — A"™(t1)| < 2|M||ta — t1]| + € for r large enough. By setting Ny =

KN + 2I|\| and using (3.36), we get (3.83). Equation (3.84) gives that
‘B;}fm(tz) - B;}gm(tl)‘ < Nolta — ta| + €.
Combining this with (3.28) gives
|Qy™ (t2) — Q™ (11)| < Nilty — ta] + ¢,
for Ny = (I + J)Ny. Observe that for any i € Z, k € K, and j € J (k)

A" (t2) = A" (0] < JAT (t2) — A7 ()]

AT () — AT (81)] < JAT™ (2) — AT™ (1)),

Also, for any j € J and k € K(j) and for r large enough

175" (t2) = T35 (1)l < 2B5lt2 — ta] and [V (t2) = Y™ (t1) | < 26;t2 — ta]-

Note that, by the definition of V", the inequalities above hold for all m < /|N7|T. This

shows that (3.82) holds, for 7 large enough, with N = Ny V 2. O
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3.5.2 Proofs of the results in Section 3.4.2
3.5.2.1 Proof of Proposition 3.13

Proof. Assume that Assumption 1 holds, 7 satisfies Assumption 2, ¢ satisfies Assumption

3, and the hydrodynamic model of the m-parallel server systems satisfies Assumption 4.

Fix L > 0 and let X be a hydrodynamic limit of £&. Note that since X is a limit
of hydrodynamically scaled processes [X(0)] < 1 by (3.41). Also, by Proposition 3.12, X

satisfies the hydrodynamic model equations (3.1)-(3.8) for all ¢ € [0, L]. Thus, using (3.1),

(3.2), (3.5), and the fact that [X(0)| < 1, one can show that there exists Ry, > 0 such that
IX(t)|L < R (3.85)

Fix e > 0. Since g is continuous, there exists 6 > 0 such that
(3.86)

l9(z) —g(y)| < e

if |t —y| <6 and z,y € [-2Rp, 2R ] 4.
Fix 0 < § < Ry, as given above and choose r large enough so that (3.42) holds for all

w € K" and any m < y/|N7|T, that is;
( (|| <o (3.87)

XML — (- H
() -0,
for some hydrodynamic limit X of €. Hence, by (3.85),

X" ()L < 2RL. (3.88)
By (3.85)-(3.88) and Assumption 4 we have for all ¢ € [0, L] that
g (Q""(t), 2" (1)) < H(t) + e
Result (3.46) is proven similarly. Let X be a hydrodynamic limit of &y. Then, there
exits a sequence {X"*9} where {r.} is a subsequence of {r}, such that

IX™0() = X()] =0 (3.89)

as k — oo. But by definition of &, ¢ (QWO(O), Zrk’0(0)> — 0. This implies by the continu-

ity of g and (3.89) that g (Q(O), Z(O)) = 0. Thus, by the last statement in Assumption 4,
(3.90)

I (a0, 20)], -0
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This shows that (3.90) holds for every hydrodynamic limit of &,
One can show as in Corollary 3.11 that hydrodynamic limits of £; are rich in £;. Hence,

for large enough r and w € L”

e

L

for some hydrodynamic limit X € £ of &,. Using (3.86) we have

g (Q™0(1),2™(t)) < e

for all ¢t € [0, L].

The validity of (3.44) when (3.12) holds is already proved before the proposition. O

3.5.3 Proofs of the results in Section 3.4.3
3.5.3.1 Proof of Lemma 3.15

Proof. For w € K" and r chosen large enough it follows from (3.39) that
Q" (t2) — Q" (t1)| < Nlta —ta[ +1

for t1,t € [0,L] and m < /|N"|T. Setting t; = 0 and t3 = 1/y,, and applying (3.48) to

the above inequality gives

@ (%) - ()

N
< \/xr,my— + /ZTrm

,m

and so

o ()| (Fm)

The same argument gives

. m+1 A m
zZ" — |z <2NYrm
<V|NT|>‘ ‘ <V|NT|>
Hence
R m . m
gl < " —||V|Z" | — || V1] +2Nyrm
y (Q (F\Nﬂ)‘ ( rN’“\) ) "
< 3Nyrm,
which yields (3.53). O
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3.5.3.2 Proof of Lemma 3.16

Proof. Let t € (Lyno/\/|N"|,T}. It follows from the definition of m,(t) that m,(t) > 1.
So,

|Nr|t - (mr(t) - 1) > Lyr(mr(t) - 1)'
Setting m = m,(t) — 1 in Lemma 3.15, one has

L mae(t))

NIt — (1) > Ly(me(t) = 1)~ 1> 2y (m (1) — 1> o

~ 3N

assuming L > 6N as in (3.52). O
3.5.4 Proof of Proposition 3.12

We need the following lemma to prove that the departure process of a hydrodynamic limit
satisfies the associated hydrodynamic model equation. Recall that we denote by A the

largest subset of € whose elements satisfy (A.14) and P(A) = 1.

Lemma 3.18. Let {X"} be a sequence of m parallel server system processes. Assume that
Assumption 1 holds and 7 satisfies Assumption 2. Fix e >0, L >0 and T > 0. Then, for

large enough r and w € A

max erm/ Zrm ds<€ VjeJ and k € K(j).
m<+/|NT|T |N|

Proof. Fix w € A and ¢ > 0. Let z be given as in Assumption 2. For m < /|N"|T, by
(3.23),

VTrm _ ‘ Q" (1) Z'(t) N oy L

INT| N7 INTLINTI L VINTT
By Lemma A.3, limsup,_, H ‘NT ‘T ‘ ‘Z]:,(Tt‘) — %:p e 0. Hence, for r large enough

JT
INT;T <e. (3.91)
Similarly for r large enough
Q" (1) Zr() N €
Le+T Le+T
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Choose r large enough so that (3.91) and (3.92) hold. Then, for such r and for j € 7,

ke K(j)
ax NTT|N—1T|f0L ka< ‘if;’lns—k = > 27 N7 | d H Ty, N <e.
m<+/|NT| J VINT| ‘Nr ‘Nr’ LetT
U
Remark 3.19. Let {e(r)} be a sequence with €(r) — 0 as » — oo. Define
vV Lrm
CHES max g / ds < €(r)
m<y/|N"|T ‘N
For ¢(r) — 0 slowly enough as r — oo, lim, ., P (©") = 1, by Lemma 3.18. Hence,
lim P(O"NK") =1, (3.93)

r—00

by Corollary 3.10, where K" defined as in Section 3.4.1. With a slight abuse of notation,

we set K" = ©" N K" for simplicity.

Proof of Proposition 3.12. Proof is similar to that of Proposition 6.2 in Bramson [13].
Assume that Assumption 1 holds, 7 satisfies Assumption 2, g satisfies Assumption 3, and
(3.12) holds.

Fix w € K" and let X"™ be given as in Section 3.4.1. By (3.35'), we have for large

enough r that

AT
' AT (L) — ]Nr‘t < e(r). (3.94)
L
Combining (3.26) with (3.37") gives
T, m 1 r,m
T () — — D" (t)|| < elr). (3.95)
Hik L

Recall that zj, = B;27,. Using (3.93), (3.31) and Remark 3.19 gives
HTMl —@Mtge&) (3.96)
Now select any hydrodynamic limit X of £. For given § > 0, choose (r,m) so that, e(r) < 0,

wa—xmwmwtgd (3.97)
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and

’2;’ - )\' <6 (3.98)
It follows from (3.94) and (3.98) that
HA(t) - )\tHL <25 (3.99)
and from (3.95) and (3.96) that
Hbjk(t) - MjkzjktHL < 2. (3.100)
By combining (3.97), (3.99), (3.27), and (3.28), we get
( N = e Ail) = Srexsex Aijk(t)HL < 2K J§ and (3.101)
@) = Qu(0) = g A®) + Xy gy Bint)]| | < 417 (3.102)
By combining (3.97) with (3.100) and (3.29), we get
Zie(t) — Zjn(0) = Y Ayjr(t) — Bjn(t) + pjnzipt|| < 610, (3.103)
ieT L

Equations (3.100)-(3.103) show that the hydrodynamic limits satisfy (3.1), (3.2), and (3.5).
Equations (3.3) and (3.4) are clearly satisfied by the hydrodynamic limits.

The fact that the hydrodynamic limits satisfy (3.7) and (3.8) is proved similarly to
the fact that the fluid limits satisfy the fluid analogs of those equations. Hence, we only
illustrate the proof of (3.7).

Fix a hydrodynamic limit X. By the definition of a hydrodynamic limit, there exists a

sequence (17, my,w;), with w; € K for all I > 0, such that

X () — X(0) (3.104)

wo.c. as | — oo. Fix t > 0. If Qu(t) = 0, (3.7) holds trivially. Now we assume that

Qr(t) > a for some a > 0. By (3.104), there exists an Iy such that

Q" (t,wy) > af2

49



for all [ > lp. This implies, by (3.33), that

Z Z Z”’ml t wl = 0.

JjeTJ (k) lek(j
Hence
Q™M (tw) Y Z ZM (¢, w) = 0, (3.105)
JET (k) IleK(y

Convergence in (3.104) implies that

Q™ (t,wy) Z”’ml t,w) — Qr(t) Zi(t) asl — oo.
DD > X7

JET (k) leK(H) JET (k) IEX())

This gives (3.7) by (3.105). O

3.6 Proof of Theorem 3.7

In the rest of this section we assume that Assumption 1 holds, 7 satisfies Assumption 2,
g satisfies Assumption 5, the hydrodynamic limits of w-parallel server system satisfies As-

sumption 7, Assumption 6 holds and

~ A~

9(Q"(0),Z"(0)) — 0 in probability

as r — oo.
3.6.1 Hydrodynamic Limits on A}

Fix T > 0 and € > 0. We will show that for r large enough

P{lo@ .27 @) > <} <n.

where 17 > 0 is arbitrary. Note that this implies the conclusion of Theorem 3.7. Hence, we
also fix n > 0 for the rest of the proof.

Choose g and R > Ry large enough so that for all » > rg

P(AR(T)) > 1 —=n/2.

Fix R > 0 to this value.
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For any nonnegative integer m < \/|N7|T, let

2
r m r m N
9””"“@2 (m) V‘Z <m> e

The difference between this definition and the definition (3.23) is the last term.

2
v (R?|N™))

We note that
Tpm = R*|N"| (3.106)

on A%(T) for m < /[N"|T. We define the hydrodynamic scaling as in (3.24) and (3.25).
Observe that equations (3.27)-(3.34) are still valid. Fix L > 0. The results in Proposition 3.8
still hold, hence so does the result in Proposition 3.9.

We redefine K7(T') to be the intersection of K with A% (T") and complements of (3.35)

and (3.37’). As in Corollary 3.10

lim P(K"(T)) >1—n/2.

r—00

Let
E" = {X"™ m < /|NT|T,w € K"(T)}.
Corollary 3.11 holds on K" (T') with E" defined as above and
E={E":reN}

since (3.41) holds. As described in Remark 3.6, we call the hydrodynamic limits in this case
the hydrodynamic limits on A%(T"). Observe that the hydrodynamic limits on A%(T") also
satisfy hydrodynamic model equations (3.1)-(3.8) by Proposition 3.12.

Next we establish a similar result to Proposition 3.13. First note that on K"(T')

(Tt m N e (yEmt m V)
9<Q ( 7 W—\NTO’ <!N"\ +W,))

g < ,N’-r, @"m(¢),zmm (t))> =g(R(Q"™(t),Z"™(1))) (3.107)

for m < /|N"|T by (3.106) since K"(T") C AR(T).
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Therefore

on K'(T).
Let L7(T) = K"(T') (N G" where

g" = {lg (R (Q"(0), 27°(0))| < e(r)},

with €(r) — 0 slowly enough as  — 0 so that

lim P(L") >1—n/2.

T—00

As in Proposition 3.13, using (3.11) and the continuity of g we have for r > r( large

enough that
g(R(Q"™(t), 2" (1)) < Hrr(t) +¢ t €0, L] (3.108)
on K"(T'). Using the second part of Assumption 7, similar to (3.46) we have

lg (R(@°®), 2" 1)), < (3.109)

on L"(T) for r large enough.
3.6.2 State space collapse in diffusion limits

Let

Lrm

Yrm = |NT|

We begin with changing the scaling using (3.107). As in Proposition 3.14 we have from
(3.108) and (3.107) that

G (Q(t). 27 (1) < HR,T( !

,m

(VIFTTt = m) ) +

for w € K"(T'), r large enough and

m 1
<t<
[N |NT

(YrmL 4 m). (3.110)

E
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Also by (3.109) we have that

lo(@®.70)|,, <

on L"(T) for r large enough.
Let m,(t) be the smallest m that satisfies (3.110) with ¢ and y,(m,(t)) = Yy, 1) Note

that on K"(T)
Ly, n, = Ly, for all n,m < /|N"|T.
Now observe that if t € [Ly,/+/|N"|,T] then m,(t) > 1 hence
INT|t = (my(t) = 1) > Ly, (mr(t) — 1) = Ly, (mr(t)).
Therefore
L
INT|t — m,(t) > Ly, (m,(t)) — 1 > Eyr(mr(t)).

for L > 2.

Since the value of L is a matter of choice, we can take L sufficiently large and redefine
K" (T) with the reselected L. Let Hr 1 be given as in Assumption 7. Since Hr 1 (t) — 0 as
t — oo is independent of L, for € > 0 fixed, there exists s*(¢) > 1 such that for ¢t > s*(e),

Hpr7(t) <e. So we set
L > 6s%(e).

The proof is completed similar to proof of Theorem 3.1.
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CHAPTER IV

APPLICATIONS

In this chapter we present applications of our main results discussed in the previous chapter
in three different parallel server systems. First, we study the optimal control of distributed
parallel server systems. The discussion is based on the results presented in Tezcan [62].
In Section 4.2 we focus on a class of N-systems. We show that a static priority policy is
asymptotically optimal. In Section 4.3 we focus on a V-system with two customer class and

prove two SSC results conjectured by Armony and Maglaras [2] and Milner and Olsen [53].

4.1 Optimal control of distributed parallel server systems

In this section, we consider a distributed parallel server (DPS) system where customers
arrive at the system according to a Poisson process. A DPS system consists of a single
customer class and multiple server pools. Each customer must be routed to a server pool
or a queue at his arrival time following a routing policy. Under a routing policy, when there
are idle servers in the pool, the customer may be routed for service immediately; otherwise,
the customer is routed to the selected queue waiting to be served later. For notational

convenience we set p; = p;; and assume that

< po < ... < M. (4.1)

Once a customer receives service, he leaves the system. The service times at each server
pool are assumed to be i.i.d. and exponentially distributed. A DPS system is illustrated in
Figure 1.

The distributed parallel server systems we study is closely related to inverted-V-systems
studied in Armony [1]. An inverted-V-system, or A-system, also consists of multiple server
pools and a single customer class. Unlike a distributed server pool system, in an A-system
there is only one queue and each server can serve a customer waiting in that queue. Since

there is only one queue, there is no routing decision to make in an A-system when an arriving
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Figure 1: A DPS-parallel server system

customer finds all servers busy. Our main goal is to construct efficient routing policies so
that despite the fact that customers are routed upon arrival the system works as efficiently
as as a similar A-system where customers wait for service in a central queue. This fact is
referred as the complete resource pooling in the conventional heavy traffic literature, see,
for example, Reiman [58].

We focus on two routing policies: the minimum-expected-delay—faster-server-first (MED—
FSF) policy and the minimum-expected-delay—load-balancing (MED-LB) policy. The minimum-
expected-delay (MED) routing policy is a widely studied and used policy in different appli-
cations. Under the MED routing policy, when a customer finds all the servers busy at the
time of his arrival, he is routed to the queue with the minimum delay, otherwise he is routed
to one of the server pools with idle servers. Kogan et al. [44] demonstrates numerically that
the distributed pools system with the MED policy is not inferior to the corresponding sys-
tem with a central queue with respect to the stationary waiting time distribution. The MED
policy (and a simpler version, join the shortest queue policy) has been shown to achieve
complete resource pooling in distributed parallel server systems under conventional heavy
traffic, see Foschini and Salz [26], Reiman [58] and Laws [46]. Winston [70] and Weber [63]
showed that when the service times are exponential or have increasing failure rate then it is
optimal to assign the job to the shortest queue. Whitt [68], however, showed that for other
service-time distributions, join the shortest queue rule need not be optimal. As noted in

Section 5.3 of Gans et al. [28], “while there is a fairly extensive literature on load balancing,
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little of it appears to be directly applicable to distributed parallel server systems with many
servers.”

Under both MED-FSF and MED-LB policies, if all servers are busy when a customer
arrives at the system, the customer is routed to the queue that has the minimum expected
delay. If there is an idle server at his arrival time, then under the MED-FSF policy the
customer is routed to the fastest available pool and under the MED-LB to the least utilized
available pool.

We analyze DPS systems working under these policies in the Halfin-Whitt many server
heavy traffic regime. We consider a sequence of systems indexed by r. The arrival rate to

the rth system, A", is equal to r. For simplicity we assume that
N; = [B;|N"|], for all j € T, (4.2)

where (3; > 0 is given for each j € J with 23-]:1 B; =1, and for a real number z, [z] is the
least integer greater than or equal to z. (It is actually enough to assume that N T /IN"| — B;
as r — oo for all j € J for the results in this section to hold.) We define the average service

rate i1 across all the servers by
J
n=y_ B (4.3)
j=1

Let the traffic intensity for the rth system be defined by

A
ZjEJNJer.

T

p:

We assume that

VINT(L=p") =0/ (4.4)

for some 6 > 0 as r — co. Assumption (4.4) implies that the system reaches heavy traffic
as r — oo. It can easily be checked that Assumption 1 holds by (4.4).

Armony [1] shows that the faster-server-first (FSF) policy is asymptotically optimal in
the QED regime in the sense that it minimizes the stationary distribution of the waiting

time and queue length processes in the limit as the arrival rate goes to infinity. In this
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section, we show that the MED-FSF policy is also asymptotically optimal in the QED
regime for our distributed systems. Our optimality result is weaker than that in Armony [1]
where it is shown that the FSF policy achieves the minimum stationary queue length and
waiting time distribution. Here, we show that MED-FSF policy minimizes the stationary
queue length distribution and the probability that a customer gets delayed in the queue
before his service starts.

Although the MED-FSF is asymptotically optimal in minimizing the queue lengths in a
call center, all the servers in our distributed system except those with the lowest service rate
experience 100% utilization as the offered load gets large. Therefore, this policy punishes
those servers who work more efficiently. Employee burnout increases with overwork and
employee turnout may increase if there is a sense of unfairness in a work environment. In
addition to these problems, a company using MED—-FSF is likely to loose its most efficient
agents since they are the ones being overworked. Therefore, MED-FSF policy may increase
the operating costs of a call center in the long-run. One solution to this problem is to
overstaff those faster pools and give them more breaks to lower the utilization of faster
servers to an acceptable level. However, this adds another level of decision making procedure
to call center management.

Considering these disadvantages of the MED-FSF policy, we propose the MED-LB
policy which routes the calls among call centers “fairly”. We show that the MED-LB
policy asymptotically balances the load of the servers; i.e., the utilizations of all the servers
in the system become equal as the offered load gets large. We further show that, operating
under the MED-LB policy, the distributed system achieves the resource pooling effect in
that the stationary distribution of the total queue length and the waiting time processes
are approximated by those in an M /M /n system. The arrival rate and the total number of
servers in the latter system are the same as those in the distributed system. However, the
service rate for each server is equal to the average rate among all servers in the distributed
system. The performance of distributed systems is usually approximated by this single
server pool system in practice. It is shown here for the first time that this approximation

is asymptotically correct. The same result also holds for the A-systems under the LB
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policy. One can come up with other policies that would yield balanced utilizations across
server pools in our distributed system but the MED-LB policy is easy to implement and its
performance can be accurately estimated using the Erlang C formula. We also discuss how
the MED-LB policy can be modified to distribute the total available idle time in desired
proportions among all the server pools.

Using our asymptotic results, we derive approximations for the performances of the
systems under the MED-FSF and MED-LB policies. Since all our results are asymptotic
results, we conduct simulation experiments to illustrate the accuracy of our results. We
compare the performance of the distributed systems under the MED-FSF and MED-LB
policies with that of the corresponding A-systems and test the accuracy of the approxima-
tions obtained from the asymptotic analysis in several distributed systems. We conduct
additional simulation experiments to test if the MED-LB and LB policies balance the uti-
lizations of the servers in relatively small systems. The simulation results show that our
asymptotic results are also observed in systems with sizes comparable to existing call cen-
ters and the asymptotic approximations provide accurate estimates for the stationary delay
probability and expected waiting time.

The main results of this section can be summarized as follows.

1. Under the MED-FSF policy, the stationary delay probability and stationary queue
lengths are asymptotically minimized among all adapted policies. Furthermore, under
the MED-FSF policy, the distributed system performs as good as a corresponding A-

system.

2. The MED-LB policy in a distributed system asymptotically balances the utilizations
of the server pools. Also, under the MED-LB policy, a distributed system performs as
good as the corresponding A-system. Both systems perform as good as a corresponding

M /M /n system.

3. As above results are derived through many server diffusion limits, we obtain formulas
for approximate performance analysis of a distributed system under both the MED—

FSF and MED-LB policies.
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While establishing the diffusion limits, we use Theorem 3.1 to prove a state space collapse

(SSC) result in the many server heavy traffic analysis of parallel server systems.
4.1.1 The queueing model and the asymptotic framework

As described in the previous section we consider a distributed parallel server system that
consists of J > 2 server pools and a single customer class. Server pool j consists of N;
homogeneous servers and has its own dedicated queue. Customers arrive at the system
according to a Poisson process with rate A. Each customer must be routed to a server pool
or a queue at his arrival time following a certain routing policy. Under a routing policy,
an arriving customer may be routed to an idle server if there are idle servers at the time
of his arrival or to a queue waiting to be served later. Once a customer receives service he
leaves the system. The service time of each server in pool j is assumed to be exponentially
distributed with rate p;. A server residing in server pool j can only handle customers who
are routed to the jth queue. Once a customer joins a queue he cannot swap to other queues
nor can he renege. Customers in the same queue are served on a first-in-first-out (FIFO)
basis. We refer to such a system as a distributed parallel server system or a distributed
system. The corresponding A-system of a distributed system has the same parameters with
the distributed system except that it has only one queue and a customer who finds all the
servers busy at the time of his arrival is routed to this queue waiting to be served by one
of the servers in the system later.

The customers that are routed to the jth queue or server pool are called the class j
customers. For notational convenience, we define 7 = {1,...,J} the set of server pools.
Since each customer class is associated with a unique server pool this set will also give the
set of indices for the customer classes. Since there is only one customer type we omit the
subscript “1” from the notation in this section, e.g., Q;(t) denotes the total number of type
1 customers waiting in the ith queue.

We focus on two non-idling routing policies: the MED-LB and the MED-FSF policies.
Under the MED policy when a customer arrives to the system to find all the servers busy he

is routed to the queue with the minimum expected delay (or waiting time). The expected
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waiting time in queue j at time ¢ is taken to be given by Q;(t)/(INV;u;), which actually turns
out to be asymptotically correct. Under both the MED-LB and the MED-FSF policies, if
all servers are busy when a customer arrives at the system, the customer is routed to one
of the queues according to the MED policy. If there is an idle server at his arrival time,
then under the MED-FSF policy the customer is routed to the fastest available pool and
under the MED-LB to the least utilized available pool, where the utilization of the server
pool j at time ¢ is given by Z;(t)/N;. We assume that ties are broken arbitrarily. In an A-
system there is only one queue hence there is no routing decision to make when an arriving
customer finds all servers busy. Thus, the MED-FSF and MED-LB routing policies in our
distributed system reduces to the FSF and LB policies in the corresponding A-system.

We use X" (t) to denote the total number of customers in the system at time ¢ and we
set X" = {X"(t),t > 0}. The diffusion-scaled total number of customers in the system, X",

is defined by
X(1) — 7]
VINT]

In order to gain insight on DPS systems’ performance we analyze the weak limits of QT’, zr

X"(t) = (4.5)

and X7 as r — oo,
Let W' (t) denote the amount of time a customer will wait before his service starts if

he arrives at time t and W" = {W"(¢t) : t > 0}. The process W" is known as the virtual

waiting time process. We define the diffusion-scaled virtual waiting time process Wwr by

W (t) = /INT|[W' (). (4.6)

We are also interested in the asymptotic behavior of the stationary distribution of
(QA",ZAT,XT,VAVT) as 7 — oo. For a routing policy 7, we denote the stationary probabil-
ity distribution of (Q’", Zr X", WT’) by Prr when it exists. For notational convenience, we

denote by

A~ A ~

(Q" (00, ), Z" (00, m), X" (00, ), W’ (00, ))

a random variate that has the distribution P,. We call P(W"(c0) > 0) the stationary delay

probability in the rth system. If a stationary distribution of a process Y does not exist, we
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set
P{Y(o0) >z} =1, (4.7)

for all z € R.

4.1.2 Main Results

Our main results are based on the asymptotic analysis of the stochastic process (Q’", A " X " WT’)
and its stationary behavior as r — oco. The proofs of the results in this section are presented
in Section 4.1.4.4.

We first focus on the MED—-FSF policy and show that it minimizes the stationary distri-
bution of the queue lengths and the stationary delay probability among all adapted policies

as described in the following theorem.

Theorem 4.1.1. Consider a sequence of MED-FSF distributed server systems. Assume

that (4.2) and (4.4) hold. Then, for any adapted routing policy ®

lim P{X"(co, MED-FSF) > z} < liminf P{X" (o0, 7) > z}, (4.8)

r—00

for all x € R and

lim P{W"(co, MED-FSF) > 0} < lim inf P{W" (co,7) > 0}, (4.9)

r—00 r—00

In Theorem 4.1.1 we only require that 7 is adapted and do not assume that it is non-
idling or serves the customers on a FIFO basis. Theorem 4.1.1 is proved by comparing
the limit of the sequence of the stationary distributions of the distributed systems with
that of the corresponding A-system. We show that the MED-FSF policy achieves the
same asymptotic performance as it does in an identical A-system. Using this result and
the asymptotic optimality of the FSF policy in an A-system we prove that the MED-FSF
policy is asymptotically optimal as described in Theorem 4.1.1.

Let X} (t) be the number of customers in the corresponding A-system at time ¢ and

_ XA — N7

VINT

(4.10)



We denote the the virtual waiting time process in these systems by W) and define the
diffusion-scaled waiting process by W (t) = \/[N"[WZ(t). The proof of Theorem 4.1.1 also

yields the following result.

Theorem 4.1.2. Consider a sequence of MED-FSF distributed server systems and the

sequence of corresponding FSF N-systems. Assume that (4.2) and (4.4) hold. Then

lim P{X"(co, MED-FSF) >z} = lim P{X"(co, FSF) > z} = F(x), (4.11)

r—00

for all x € R and

lim P{W"(co, MED-FSF) > w} = lim P{W (0o, FSF) > w} = F(aw), (4.12)

r—00

for all w > 0, where F(x) = ffoo f(uw)du and f is the density function defined by

O op{-0z/yRla,  ifz20

fla)=9q JHaa( /ey o 413

) #ol ;+m)(1—a), if e <0 e
N

where

-1

0/m® (0/m) | -
5 /) = P{X(c0) > 0}. (4.14)

Remark 4.1. [1] shows that the FSF routing policy is asymptotically optimal for the A-

a= |1+

systems in the sense that

lim P{W"(co, FSF) > w} < liminf P{IW" (00, 7) > w}, (4.15)

r—00

for all w > 0 and any adapted HL policy m. Note that this is stronger than (4.9) since
our result only holds for w = 0. The main reason is that for A-systems working under an
HL policy (4.9) implies (4.15) since customers are served on a FIFO basis. In a distributed
system a server can idle even though there are customers in other queues and a customer
arriving at that instant overtakes the customers that are already in queue and starts his
service before them. Therefore, customers in a distributed system under, for example, a
non-idling routing policy are not served on a FIFO basis. Hence, (4.9) does not imply (4.15)

for distributed systems.
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Next we obtain approximations for the performance of the rth system under the FSF

and MED-FSF policies using (4.11) and (4.12).

Corollary 1. Consider a sequence of MED-FSF distributed server systems. Under the

assumptions of Theorem 4.1.2

|N" |
NG

as r — 0o, where « is given by (4.14) and i is given by (4.3).

P(W"(00) >0) — o and |[E[W"(0)] —a -0 (4.16)

Remark 4.2. The results in (4.16) also hold for the sequence of corresponding FSF A-

systems, see Lemma 4.1 in Armony [1].

The last result we obtain for the MED—-FSF DSP systems involves the differences be-

tween the utilizations of server pools.

Theorem 4.1.3. Consider a sequence of MED-FSF distributed server systems. Under the

assumptions of Theorem 4.1.2, fori=2,3,...,J

lim, o0 /JNT|E [Z]&’O)} —1 and (4.17)
. e [Z20(00)] (1-a) [ (0/vm1) | oyvE
lim,— oo /]N7|E [N—l} =1- 2 <¢(9/\//Tl) | L (4.18)
where = = min{z, 0} and X (c0) is a random variable with distribution F defined in The-
orem 4.1.2.

Now we focus on the distributed systems operating under the MED-LB policy and the
corresponding A-systems. We have the following result on the utilizations of the server

pools under the MED-LB policy.

Theorem 4.1.4. Consider a sequence of MED-LB distributed server systems. Assume that
(4.2) and (4.4) hold. Then

] T
A, VIV

fori,j € J. If in addition

E

Zi(00)  Zj()
NT

‘ =0. (4.19)

i J

(Q0).2®) = (Q0).2(0)). (4:20)



A~

as r — oo for a random vector (Q(0), Z(0)) and

Z7(0) - Z5,(0)
Bj B

—0 (4.21)

for all 3,5 € J in probability as r — oo, then for any T > 0

zr 20

VINT| -~
N/ NI

— 0 in probability as r — oo (4.22)

T

in probability as r — oo fori,j € J.

Remark 4.3. The results of Theorem (4.1.4) also hold for the sequence of corresponding

LB A-systems.

We next prove that, under the MED-LB policy, a distributed system performs as well as
the corresponding A-system and both systems performs as good as a corresponding M /M /n
system.

Consider a sequence of M /M /n systems with the arrival rate and the number of servers
in the rth system is equal to those of the rth distributed system. Assume that the service
rate of each server in this system is equal to the average service rate i in the distributed
system given by (4.3). Let X"(¢) denote the the total number of customers in the rth
M /M /n system at time t. We define the diffusion-scaled total number of customers process

in these systems by

X'(t) = w (4.23)

N

We use X (00) denote the weak limit of X' (t) as t — oo, which exists for each r by (4.4)
and standard results on the existence of a stationary distribution of an M /M /n system. Let
W (t) denote the virtual waiting time for the rth single server system, W' (t) = /[N"[W"(t)

and W (oco) denote the weak limit of W' (t) as t — oo.

Theorem 4.1.5. Consider a sequence of MED-LB distributed systems and the sequence of
corresponding LB A-systems. Assume that (4.2) and (4.4) hold. Let X" and W be defined

as above. Then,

lim P{X"(c0) >z} = Tlln;o P{X"(c0) > 2} = Tlingo P{X"(c0) > 2} = F(x) (4.24)

r—00
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for all x € R and
lim P{W" (o) > w} = lim P{W}(c0) > w} = lim P{W (c0) > w} = F(fiw), (4.25)

r—00

for all w > 0, where F(x) = ffoo f(uw)du and f is the density function defined by

% exp{—bz/\/pn}ta, ifx >0

F) =13 Sors) | (4.26)
— YR (] — ), if v <0
o) TS
where
oo [1s OVER OV i) s 0. (4.27)

¢ (0/Vi)

Remark 4.4. The results of Corollary 1 also hold for the distributed systems operating

under the MED-LB policy and the corresponding A-systems with « given by (4.27).
4.1.3 Simulation Experiments

Since the results presented in Section 4.1.2 are asymptotical results, in this section we
conduct simulation experiments to evaluate the quality of those results. We consider five
cases. In each case, we simulate a distributed system and the corresponding A-system.
The parameters of all five cases are displayed in Table 1 (the time unit is taken to be one
minute.)

The first four cases correspond to systems that have three server pools and the last
case corresponds to a system that has eight server pools. The parameters of the first three
cases are selected to investigate the effect of the offered load, defined by A/fi, on the quality
of our results. We set the arrival rate in the second and the third case to be 10 and 40
times the arrival rate in the first case, respectively, to observe this effect. Balanced server
assignment among all pools may affect the quality of our asymptotic results. In order to
observe the effect of unbalanced server staffing, in the fourth case, one of server pools is set
to have significantly fewer servers than the other pools. Finally, in the last case, we consider
a system with eight pools to observe the effect of the number of pools on the quality of our

results.
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Case | J | A N 1
1 3| 50 (13,7,9) (1.48, 1.77, 2.4)
2 3| 500 (125,63,89) (1.48, 1.77, 2.4)
3 3 | 2000 (497,255,347) (1.48, 1.77, 2.4)
4 3| 500 (195 95 22) (1.48, 1.77, 2.4)
5 8 | 500 | (45,45,68,70,76,81,112,126) | (0.72,0.95,0.85,0.8,0.86,0.9,0.88,0.67)

Table 1: The simulation data to evaluate asymptotic results.

In all the simulation experiments, each performance measure estimate is presented with
its 95% confidence interval. The length of each simulation run is selected to allow 12 million
customers to arrive to the system. Also a warm-up period of 1.2 million customer arrivals
is used. We divide the total simulation length to ten time intervals of equal length to apply
batch means technique, see [45]. The confidence intervals that are reported along with
the estimates are obtained using the batch means. Also, when two or more policies are
compared the simulations are run using common random number generators so that the
interarrival times and the service requirement of the nth customers in all the simulations

are the same forn =1,2,....
4.1.3.1  Simulation results of the MED-FSF policy

In this section, we focus on the FSF routing policy. Theorem 4.1.2 says that when the
offered load is high, a distributed system operating under the MED-FSF routing policy
has a similar performance to the corresponding A-system operating under the FSF routing
policy. In this section we test this result in five systems with different parameters.

Table 2 displays simulation results as well as analytical approximations for all five cases.
The results under the MED-FSF policy are displayed in the left half of Table 2. (The results
under the MED-LB policy, displayed in the right half of Table 2, will be discussed in the
next section.) For each case, the simulation estimates of the delay probability (P(W >
0)), in percentage, and the average waiting time (E[WW]) in seconds are presented for the
distributed system, in Row DS, and for the corresponding A-system, in Row A. The half-
widths of confidence intervals are presented in parentheses next to the simulation estimates.

The differences between the estimates from the distributed system and the ones from the
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MED-FSF MED-LB

Case ‘ P(W > 0)(%) | E[W] P(W > 0)(%) | E[W]

1 DS 61.60 (0.43) 12.14 (0.31) 66.53 (0.27) 13.38 (0.15)
A 63.88 (0.41) 11.87 (0.30) 65.80 (0.29) 12.09 (0.14)
DS — A -3.60 0.27 1.10 1.29
Approx. 61.50 11.60 63.89 12.24
DS — Approx. | 0.16 0.54 4.0 1.14

2 DS 60.64 (0.88) 3.64 (0.16) 64.83 (1.27) 3.76 (0.31)
A 61.60 (0.89) 3.63 (0.16) 65.68 (1.28) 3.72 (0.30)
DS — A -1.60 0.01 -1.30 0.04
Approx. 60.84 3.65 64.24 3.85
DS — Approx. | -0.33 0.01 0.91 0.09

3 DS 61.52 (1.71) 1.83(0.20) 64.48 (1.77) 1.92 (0.19)
A 61.02 (1.77) 1.83 (0.20) 65.01 (1.76) 1.92 (0.19)
DS — A 0.80 0 -0.82 0
Approx. 61.65 1.89 64.97 1.99
DS — Approx. | -0.21 -0.06 -0.75 -0.07

4 DS 61.88 (0.93) 3.92 (0.18) 63.12 (0.92) 3.99 (0.18)
A 62.88 (0.90) 3.91 (0.18) 64.10 (0.92) 3.98 (0.18)
DS — A -1.60 0.01 -1.50 0.01
Approx. 62.64 3.97 64.15 4.07
DS — Approx. | -1.20 -0.05 -1.60 -0.08

5 DS 43.95 (1.06) 2.80 (0.16) 46.97 (1.04) 2.99 (0.16)
A 47.00(1.08)  2.78(0.16) 50.11 (1.00) 2.95 (0.16)
DS —A -6.50 0.02 -6.20 0.04
Approx. 46.32 2.75 50.19 2.98
DS — Approx. | -5.10 0.05 -6.40 0.01

Table 2: The results of simulation experiments.

corresponding A-system are presented in Row DS — A.

We first note that as the offered load gets high the performance of the distributed
system under the MED—FSF becomes very close to that of the corresponding A-system. In
the first case the percentage difference between the estimated delay probability in these two
models is around 3.6%, in the second case it decreases to 1.5% and decreases to less than
1% in the third case. The differences of the expected waiting times are even smaller. By
comparing the results of the fourth case with those of the second case we observe that having
a significantly smaller server pool does not affect the percentage differences. However, the
number of server pools in the system has a big impact. The percentage difference between

the delay probabilities are twice as much as the difference in the first case, which is the
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second largest difference among all the cases.

Formulas in (4.16) give analytical approximations for delay probability and average
waiting time. For each parameter case, these approximate values are presented in Row
Approx. The differences between the analytical approximations and simulate estimates
from the distributed systems are presented in Row DS — Approx. In first three cases, the
percentage difference of delay probability is at most 0.33%. Even in Case 4 when the
server pools are not balanced, the approximation for delay probability is quite close to the
simulation estimate (the difference is 1.2%). In Case 5 when there are eight server pools, and
the arrival rate is equal to 500 as in the second case, the approximation performs significantly
worse, 5.1% in percentage difference. Overtaking as described in Remark 4.1 also explains
why the quality of the approximation for the delay probability in the distributed systems
diminishes when the number of server pools is increased because as the number of server
pools increases so does the probability that an arriving customer will find an idle server
given that there are customers waiting in the system. Note that the difference in the average
waiting times is only 0.05 seconds.

From the simulation results it is clear that the distributed systems operating under the
MED-FSF policy do perform as good as the corresponding A-systems in terms of the delay

probability and average waiting time in the queue.
4.1.3.2  Simulation results of the MED-LB policy

In this section, we focus on the MED-LB routing policy. Recall that the simulation results
for the distributed systems operating under the MED-LB routing policy and for the corre-
sponding A-systems operating under the LB routing policy are presented in the right half
of Table 2.

Theorem 4.1.5 asserts that when the offered load is high the performance of a distributed
system operating under the MED-LB policy is similar to that of the corresponding A-system
under the LB policy. This is clearly observed in the first four cases; the largest percentage
difference between delay probabilities is 1.5% and the largest difference between average

waiting times is 1.14 seconds. In cases 2-4 the difference in waiting times is less than 0.1
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seconds. The number of server pools has a big impact on the percentage difference of the
delay probability for the systems under MED-LB as well; the percentage difference is 6.2%
in Case 5, four times more than the second largest difference. However, the difference in
waiting time is again very small, only 0.01 seconds.

Next we assess the quality of the approximations provided by Remark 4.4 and (4.16)
using the simulation results. First we note that in cases 2-5 the differences between the
average waiting times estimated for the distributed system and the ones provided by the
approximation are less than 0.1 seconds. This difference is 1.14 seconds in the first experi-
ment. Therefore, in terms of the average waiting time approximations provide very accurate
estimates. The percentage difference of the delay probabilities is less than 1.7% in first four
cases, but in case 5 it is significantly larger (6.4%). Again, this is due to overtaking that is
explained in Remark 4.1.

We conclude that the distributed systems operating under the MED-LB policy performs
as good as the corresponding A-systems operating under the LB policy.

Theorem 4.1.5 asserts that the difference between the utilizations of the servers is
o(1/+/IN"]) when the offered load is high for the distributed systems operating under the
MED-LB policy. To evaluate the quality of this asymptotic result we conduct additional
simulation experiments. Also, to illustrate that the difference between the utilizations of
server pools is high under MED-FSF policy we simulate the same systems under this policy.

We consider three cases with two server pools. The parameters of these experiments are
selected to investigate the effects of different service rates and unbalanced staffing levels on
the difference of the utilizations. The values of the parameters for these cases is displayed in
Table 3. The first case is a homogeneous system in the sense that the number of servers in
each pool is the same and the service rates of all the servers are equal. We do not simulate
this system under the FSF policy since the service times for both pools are equal. In the
second case we set the service rate of the first server pool to be 2/3 of the service rate of
the second server pool. In the third case, we set the number of servers in the first pool to
be significantly less than that in the second pool, and set the service rates as in the second

case.

69



Case | J | A N I
6 2 197 | (50, 50) (1,1)
7 2 197 | (50, 50) | (0.8, 1.2)
8 21971 (29,64) | (0.8,1.2)

Table 3: The simulation data to test Theorem 4.1.4

MED-FSF MED-LB
Case | A DS A DS
6 NA NA 0.30 (0.01) 0.33 (0.01)

7 5.20 (0.11) 5.15 (0.11) | 0.55 (0.01) 0.58 (0.01)
8 6.93 (0.15) 6.81 (0.15) | 0.67 (0.02) 0.72 (0.03)

Table 4: The percentage differences between utilizations.

Table 4 presents the results of the simulation experiments. We also consider the corre-
sponding A-model in each case. We display the percentage difference between the average
utilization of the first and second server pools in A-systems under the A column and for the
distributed systems under the DS column. For all estimates, we show the half-width of the
95% confidence intervals.

Observe that under the LB and MED-LB policies the percentage differences between
the utilizations of the servers in all the systems are very small; less than 0.8%. Hence, even
for these relatively small systems the LB policy seems to balance the load of the server
pools. We observe that the differences in the utilizations are more in the systems with
different service rates and unbalanced staffing levels than that in the homogenous system.
Also the differences are slightly lower in A-systems than those in the distributed systems.
When we compare the percentage differences under the FSF and MED-FSF policies with
the LB and MED-LB policies, we see that they increase about 10 times. This verifies once

again how the FSF policy may be unfair in routing calls to server pools.
4.1.4 Proofs of the main results

In this section we prove the results stated in Section 4.1.2. In Section 2.1 we discuss
the dynamics of distributed systems to mathematically characterize the behavior of these
systems. and introduce the notation used in the rest of this section.

In Section 4.1.4.2 we provide asymptotic upper bounds for Q"(¢) and N, T - Z;(t) in a
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sequence of distributed systems operating under a non-idling routing policy. These bounds
are later used to show that Q" (¢) and Z”(t), as defined in (2.23), are stochastically bounded.
Also, geometric Lyapunov functions are built using these results; see Section 4.1.4.4. In Sec-
tion 4.1.4.3, we analyze the limits of the fluid scaled processes, Q" (-)/|N"| and Z"(-)/|N"|,
as r — oo. We establish the invariant states of the fluid limits. This result is needed
to justify that the diffusion scaling is properly defined, to use the results of [22] and to
establish the diffusion limits. In Section 4.1.4.4 we study the weak limits of the diffusion
scaled processes Q" () and Z”(-) of a distributed system operating under the MED-FSF or
the MED-LB policies as r — co. We also show that the stationary distribution of X" con-
verges weakly to the stationary distribution of the corresponding diffusion limit as r — oc.
Finally, we provide the proofs of Theorems 4.1.1, 4.1.2, 4.1.4 and 4.1.5 and Corollary 1 in

Section 4.1.4.4 using the results in Sections 4.1.4.2-4.1.4.4.
4.1.4.1 The dynamics of distributed parallel server systems

We next present the additional equations that must be satisfied by the distributed systems
operating under the MED-FSF and MED-LB policies. First we focus on the non-idling
routing policies.

For a non-idling routing policy 7, in addition to equations (2.2)-(2.12) in [22], X must

also satisfy the following condition:

oo J
/ 14> Zi(s) < N" 3 dA?"(s) = 0. (4.28)
0 =

This condition implies that an arriving customer who finds idle servers will be routed to
one of the idle servers. In addition to (4.28) we assume that for 7 € II, there exists al. > 0,

for each r > 0, such that
,T : T el ./
A%"(t) can only increase when Qj(t) < azQ7(t) for all j' € J. (4.29)

This implies that as long as the number of customers in one of the queues is more than a.
times the queue length of another queue, arriving customers are not routed to the former

queue. Note that the MED-FSF and MED-LB policies satisfy (4.29).
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Recall that we assume that the service rates are increasing with the index of the server

pool as stated in assumption (4.1). Under the MED-FSF policy the following must hold.

A T()—NT Q",(t)+Z7,(t)—NT7,
A‘;’r(t) can only increase when W < minjey {%} (4.30)
and
J
A%"(t) can only increase when Z (Z(t) = Nj) =0for je J. (4.31)
J'=j+1

By the non-idling condition (4.28), A‘;-’r(t) can only increase when all the servers are busy.
Hence, (4.30) is invoked when there are no idle servers in the system. And if Z7(¢) = N7,
then Qg (t)/(N H 1t5) gives the expected delay time of a customer joining the jth queue before
his service starts. The condition (4.31) implies that customers can be routed to server pool

7 only when all the faster servers in the system, servers in pools j + 1 through J, are busy.

Under the MED-LB policy the following must hold in addition to (4.30).

zr zn,(t
Ajﬂ“(t) can only increase when ]JV?) < minjcy {j\,—;)} . (4.32)

In this case, Z7(t)/N] gives the proportion of busy servers. Hence, (4.32) implies that the
server pool with the lowest proportion of busy servers receives the arrival. The ties in (4.30)

and (4.32) are broken arbitrarily.

We set pimin = minjes{1;}, Ny, = minjes {N;},
Sj(t) = S;(t) — t and A%(t) = Al(t) — A"t (4.33)
For T > 0, we define
M =2y ({147 () = AT (t=)lr < 13 0y {1185() = St ey < 1}) - (4.34)

The set M7 is the set of sample paths for which only one arrival or departure at any given

instant in [0, 7] from the system can happen. By Lemma 9,

P (M?7) =1 for any T > 0. (4.35)
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Let
A= lim \"/|N"|.
By (4.4),
J
A=Y B = p-
7j=1

Notation: We denote the set of non-idling routing policies that satisfy (4.29) by II
and, with a slight abuse of terminology, we also refer to these routing policies as non-idling

routing policies. We use the convention
inf{0} = o0 and sup{l} = —cc.

We also use the big and little-o notation: For two sequences {x,} and {y,}, we say z, is
O(yn) and write x,, = O(y,), if there exists nyg and M such that |x,| < M|y,| for n > ng.
We say x, is o(y,) and write x, = o(yy), if lim, . |z,|/|yn] = 0. For two random two

random variables T1 and Ys, T1 ~ To means they have the same distribution.
4.1.4.2  Asymptotic bounds on Q" and Z" under a non-idling routing policy

In this section we derive asymptotic bounds on Q" and Z”. These bounds are used to show
that Q" and Z" are stochastically bounded in each finite interval [0, 7] which is required in
Section 4.1.4.4 to prove our SSC results. They are also used to define Lyapunov functions
that are used to prove the convergence of stationary distributions in Section 4.1.4.4.
Let x = (71,...,7;) € R7. We define ¢ : R” — R, for i = 1,2, by

J J
o (z) = Z (N —xj) and @h(x) = ij. (4.36)

j=1 j=1
Clearly ¢7(Z](t)) > 0 and 5(Q}(t)) > 0 for all ¢ > 0. We present bounds for 7 (Z7(t)) and
05 (Q (t)) in terms of their initial states and certain functions of primitive processes. The

proofs of the results in this section are placed in Appendix C.1. First we present bounds

for 7 (Z7(t)). Recall that M is defined by (4.34).
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Theorem 4.1.6. Let X" be a distributed parallel server system operating under a non-idling
routing policy. Assume that (4.2) and (4.4) hold. Then, there exists ro such that for every

to >0, we M andr >rgif

R 49W(t0 V 1)
e1(2"(0)) > TS (4.37)
then
J
P27 (t0)) <PL(Z7(0)) = OVNTto + [o(v/INTD) + 2D 11S5(t) = it ey,
i=1 (4.38)
+2[|AT(t) = A"ty
otherwise
J
P1(Z" (o)) <27 + @1(Z7(0)) + OV At + [o(VINTD + 2D 155() = wtll ey
j=1 (4.39)

+2[|AT(E) = AE], -

Next we present bounds for ¢5(Q7(t)). One of the terms in these bounds is (" that is

defined by
C(ty) = sup {(9\//\" ~ Niiabtmin ) (52 = 51) + [ A (52) = A"(s51)
$1<s2€[0,t0]
U17~~~,UJ€[0¢0}
' (82—81)<t0

where S’j and A are given by (4.33).

3N 05+ (52 = 50) = 85 (87103}, (1.40)

Theorem 4.1.7. Let X" be a distributed parallel server system operating under a non-idling
routing policy. Assume that (4.2) and (4.4) hold. Then, there exists ro such that for every

to >0, we M andr >rg, if
©5(Q"(0)) > OV (to V 1), (4.41)
then

eh(Q"(t0)) < ¢5(Q7(0)) — OV Xto + |o(/INT])| + 2t0(pmax V 1)(J + ¢"(f0))

43 155(t) = pitll gy + 2 IA7(E) = Nt (4.42)
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otherwise

@p(Q"(t0)) < ¢p(Q7(0)) +2J +2(t0 V 1) (kmax V 1)(J + ¢"(t0)) + o(+/[N7])]

J
FAD118() = uitll ey + 2 IAT(E) = N2l (4.43)
j=1

Remark 4.5. In an A-system there is only one queue, hence, the processes A, A,, () are one
dimensional and so have only one subsrcipt but otherwise all the components of (A", A AL QT ZT T YT E
have the same interpretations they have for the distributed systems.
The results of Theorems 4.1.6 and 4.1.7 also hold for an A-system X = (A", A}, AL, Q", 2",
T7,Y",B", D") operating under a non-idling and HL routing policy with ¢4 : R — R is de-

fined by ¢5(z) = x.
4.1.4.3  Fluid limits

In this section we study the fluid limits of the distributed systems. The results in this
section are needed to show that the diffusion scaling introduced in Section 4.1.1 is properly
defined. By using the result on the invariant states of the fluid limits in this section we
verify that when (4.20) holds the fluid limits are time-invariant. The results in this section
are used in the proofs of our SSC results to verify that Assumption 1 of [22] holds and in
proving the weak convergence of X,

The fluid scaling X"(+) is defined by X"(-) = X"(-)/|N"|. The following notation and
definitions are introduced in [22] but we repeat them here for completeness. The process
X(+) is called a fluid limit of {X"} if there exists a sequence {r;}, with 7, — oo as [ — oo,
and w € A such that X"(-,w) converges u.o.c. to X(-,w), where A C € is taken as in
Theorem A.1 in [22] and P{A} = 1. The existence of the fluid limits are established and
the fluid model equations that are satisfied by every fluid limit are presented in Theroem A.1
in Dai and Tezcan [22]. We call the vector (g, z) an invariant state of the fluid limits if for
any fluid limit X, Q(0) = ¢ and Z(0) = z implies Q(t) = g and Z(t) = z for all ¢ > 0.

The following result characterizes the invariant states of the fluid limits of the MED-FSF

and MED-LB distributed server pool systems.
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Lemma 1. Let {X"} be a sequence of MED-FSF or MED-LB distributed server pool sys-
tems. Assume that (4.2) and (4.4) hold and that {Q"(0)} is bounded a.s. as r — oo. Let
a1(a) = a, for a >0, gj(a) = ap;B;/(11p1), q(a) = (q1(a), ¢2(a), - .., qs(a)), zj = B; and
z=(z1,...,275). Then M = {(q(a),z) : a > 0} is the set of all the invariant states of the

fluid limits of {X"}.

A proof is presented in Appendix C.2.

Remark 4.6. It can similarly be proved that if {X"} is a sequence of LB or FSF A-systems
and {Q"(0)} is bounded a.s. as r — oo, then M = {(a,2) : @ > 0} is the set of all the

invariant states of the fluid limits of {X"}.
4.1.4.4  Diffusion limits

In this section we establish the weak limits of QT’, Z" and W™ as r — oo. By (4.20),
Q" (0) — 0 and Z"(0) — z as 7 — 0o, where z is given as in Lemma 1. Hence, the diffusion
scalings defined in (2.23) give the fluctuations around the fluid limits.

In the following section we establish two SSC results for the distributed systems oper-
ating under the MED-FSF and MED-LB policies. Then in Section 4.1.4.4 we establish the
diffusion limits using these SSC results. We focus on the stationary distributions of these
processes in Sections 4.1.4.4 and 4.1.4.4.

State space collapse We first give an intuitive explanation of our SSC results and
illustrate the results in a distributed system with two server pools. These results are proven
to hold for systems with arbitrary number of server pools. The proofs of the propositions
in this section are presented in Appendix C.3.1.

The MED policy routes the customers to the queue with the minimum expected delay
when all the servers are busy, where the expected delay of a queue, say j, at time t is defined

by Q7 (t)/(ujN}). Assume that all the servers are busy at time ¢ and

Q1(1)/(uNT) < Q5(t)/(n2N3).- (4.44)

Since the arrival rate is greater than the total service rate of servers in the first pool, one

would expect to see that the number of customers in queue 1 will increase and the number of
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customers in queue 2 will decrease starting from time ¢, barring, of course, some stochastic
fluctuations. Hence, the value of Q4 (t)/(uaNg) — Q1 (t)/(pn1NT) is expected to decrease and
as long as (4.44) holds. Under the MED-FSF policy, if a server in pool 2 becomes available
in a two pool distributed system at time ¢ then he receives the next arriving customer after
time ¢ ( recall that we assume p; < pg). Since A" > poNj for r large enough the idle time
of servers in higher priority pools becomes “very” small for r large enough. In general we

have the following result.

Proposition 4.7. Let {X"} be a sequence of MED-FSF distributed server pool systems.
Assume that (4.2), (4.4) and (4.20) hold. Then, for some L" = o(\/|N"|) with L" — oo as

r — 00, and for every T >0 and € > 0,

Qi) Q) y

P sup
Bimj By

L /\/INTI<t<T

27| > e b =0, (4.45)

asr — oQ.

If in addition

J
> Z5(0)) =0 (4.46)

j=2
and
7(0) Q50
Qo Go| )
Bimi  Bypy
in probability as r — oo for j,j' € J, then for every T > 0
o) QL (¢ I
@ Q) S ziw)| —o (4.48)
Bing — Birwy ||, (5=
T

for all j,5' € J in probability as r — oo.

Remark 4.8. It can be similarly shown that if {X"} is a sequence of FSF A-systems and
(4.2),(4.4) and (4.20) hold, then for some L" = o(y/|N"|) with L" — oo as r — oo, and for
every T'> 0 and € > 0,

J
P sup ZZT(t) >e€p —0,

J
LT /{/INT|St<T | j=2
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as r — oo. If in addition (4.46) holds, then for every 7' > 0

T
in probability as r — oo.

Next we consider the SSC under the MED-LB policy. In a distributed parallel server
system with two server pools under the MED—-LB policy if the percentage of busy servers
in the first pool is less than that in the second pool, the differences will decrease since the
server pool with higher percentage of busy servers will not receive any arrivals. We have

the following result for the distributed systems under the MED-LB policy.

Proposition 4.9. Let {X"} be a sequence of MED-LB distributed server pool systems.
Assume that (4.2),(4.4) and (4.20) hold. Then, for some L™ = o(\/|NT7|) with L™ — oo as

r — 00, and for every T >0 and € > 0,

) O (¢ 7T 2n(t
. wp Q]()_Qg()v U214 >eb 0, (4.49)
Lr/A/INT|<t<T Biwj By B Byt
as T r — oQ.
If in addition (4.21) and (4.47) hold, then for every T > 0
T (t 7, ( Zr(t 27 (t
Q5(t) Qi) i) Zp®) (4.50)
Bing  Bpwir|l, | B B |,

for all 3,5 € J in probability as r — oo.

Remark 4.10. It can be similarly shown that if {X"} is a sequence of LB A-systems and
(4.2),(4.4) and (4.20) hold, then for some L" = o(y/|N"|) with L" — oo as r — oo, and for

every T'> 0 and € > 0,

Zr(t) - 75 (t)

Bj Bijr

P sup
LT /y/INT|<t<T

— 0,

as r — oo. If in addition (4.21) holds, then for every T' > 0

50 _ 40

1

Bj B

T

for all j,7" € J in probability as r — co.
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Diffusion limits of the total queue length and the virtual waiting time pro-
cesses: The SSC results established in (4.48) and (4.50) reveal that under the MED-FSF
and MED-LB policies the individual queue lengths and number of customers in service in
each pool can be estimated from the total number of customers in the system with an error
that goes to zero in probability as » — oco. Hence, it is enough to focus on the total num-
ber of customers in the system instead of analyzing each queue and number of customers
in service in a server pool separately. To this end let X" (¢) be defined as in (2.23) and
X" ={X"(t) : t > 0}. We have the following weak limits for X" under the MED-FSF and

MED-LB policies. The proofs of these theorems are presented in Appendix C.3.2.

Proposition 4.11. Let {X"} be a sequence of MED-FSF distributed server pool systems.
Assume that (4.2),(4.4), (4.20) and (4.48) hold. Then

X" = X, asr — o,
where X is the unique solution to the following stochastic differential equation (SDE)
dX (t) = h(X)dt 4+ \/2udb(t), (4.51)

where b is a standard Brownian Motion and

—0/p — pax, if z <O0.
Remark 4.12. By Theorem 11.4.5 in [65] and by Theorem 4.7, under the conditions of

h(z) =

Proposition 4.11,
(@, 2") = (@, 2),

WhereQ:(Ql,...,QJ) andZ:(Zl,...,ZJ) with

Ot = %(me for j € J. (4.52)
Zi(t) = (X(t))” and Z;(t) =0 for 2 < j < J. (4.53)

Proposition 4.13. Let {X"} be a sequence of MED-LB distributed server pool systems.

Assume that (4.2),(4.4), (4.20) and (4.50) hold. Then

X" = X, asr — o,
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where X is the unique solution to the following SDE
dX (t) = h(X)dt 4+ /2udb(t), (4.54)

where b is a standard Brownian Motion and

h(z) = OV ya=0 (4.55)

=0/ — px, ifx <O.
Remark 4.14. By Theorem 11.4.5 in [65] and Theorem 4.9, under the conditions of Propo-

sition 4.13,
@, 2") = (@, 2),
WhereQ:(Ql,...,QJ) andZ:(Zl,...,ZJ) with

A 1555

1 = — X + fOI‘ ] and .
Q;(t) ST e ﬁg( (t)) jeg (4.56)
R B; L ‘
Z; = —(X for . .
() ST wﬂe( (t)) jeg (4.57)

Remark 4.15. It can be similarly shown that
1. if {X"} is a sequence of FSF A-systems satisfying (4.2),(4.4), (4.20) and (4.49), then
X}"\ = X, as r — oo,

and (4.53) holds, where X7 is given by (4.10) and X is the unique solution to the

SDE (4.51).
2. if {X"} is a sequence of LB A-systems satisfying (4.2),(4.4), (4.20) and (4.51) then
X}; = X, as r — oo,

and (4.57) holds, where X7 is given by (4.10) and X is the unique solution to the

SDE (4.54).

Next we focus on the virtual waiting time process. Let W (¢) be the virtual waiting time

for queue j at time ¢ in the rth system, i.e., the time a customer would wait before its service
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is started if he joins queue j at time ¢ under a HL routing policy, and W} = {W]’f (t) : t >0}

be the virtual waiting time process for the jth queue. Then

Wi (t) =inf{s > 0: Dj(s +1t) > Q}(0) + Zj(0) + AJ"(t) + Aj(t) — (N] — 1)}.

Let k" (t) denote the index of the server pool or the queue that a customer arriving at time
t would be routed to. Obviously, " () depends on the routing policy. For example, under

the MED-LB policy

{7: Q) /(s N}) < Qp(t)/(wuNN]) for all L € T\ j}, if > e7Z5(t) =|N"|,
{j: Z5(t)/NT < Z7(6)/N] for all L € T\ j}, if Yjeq Z5(t) < INT|.

K'(t) =
From the definition of " (t) it follows that

W™ () = W (0.
We show that weak limit of W™ can be expressed as a simple function of X.

Theorem 4.1.8. Let {X"} be a sequence of MED-FSF (MED-LB) distributed server pool
systems. Under the conditions of Proposition 4.11 (resp. Proposition 4.13)
1+
o ]
W= ———

- (4.58)

as r — 00, where X is the unique solution to the SDE (4.51) (resp. the SDE (4.54)).

Remark 4.16. It can be similarly shown that if {X"} is a sequence of FSF (LB) A-systems
that satisfies the conditions of the first part (resp. second) of Remark 4.15 then (4.58)

holds with W7 is replaced by WK .

Stationary distributions of the diffusion limits: Our asymptotic optimality and
equivalence results are stated in terms of the stationary distributions. The main reason is
that the staffing decisions in call centers are usually made using stationary values of the per-
formance measures. Hence, it is of practical value to study the convergence of the stationary
probabilities of the queue length and waiting time processes. In this section we present the

steady state probabilities for X , the limiting diffusion process in Propositions 4.11 and 4.13.
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Theorem 4.1.9. Let X() be the diffusion process that is the unique solution to the SDE

(4.51). Then the steady-state distribution of X() has a density f given by (4.13).

Theorem 4.1.10. Let X() be the diffusion process that is the unique solution to the SDE

(4.54). Then the steady-state distribution of X() has a density f given by (4.26).

Theorems 4.1.9 and 4.1.10 can be proven similarly to Proposition 3.5 in [1].

Convergence of stationary distributions: In this section we show that XT(oo)
converges weakly to the stationary distribution of its weak limit under the MED-FSF and
MED-LB policies as 7 — oo. In order to prove the convergence we first show that the
stationary distribution exists and then show that the sequence of stationary distributions
are tight.

In order to show the existence of the stationary distribution of X" for each r, we consider
the stability of a distributed server pool system under a non-idling routing policy. We show

that (Q", Z") has a stationary distribution whenever a natural traffic condition is satisfied.

Theorem 4.1.11. Let w € II and X be a 7 distributed server pool system. If
A<y Ny (4.59)
JjeT

then the process (Q",Z") has a unique stationary distribution.

We present a proof in Appendix C.3.3.1. The proof is based on the relationship estab-
lished in [18] between the stability of the corresponding conventional fluid limit and the
positive recurrence of the underlying Markov chain.

Next we show that the sequence of the stationary distributions of the process {Q", Z "}
is tight under any non-idling routing policy. Recall that a sequence of random variables,
{L"}, taking values in a metric space (S, ) is said to be tight if for every ¢ > 0 there exists

a compact set K C S such that inf, P{L" € £} > 1 — € [24].

Theorem 4.1.12. Let m € II and {X_.} be a sequence of m distributed server pool systems.

If (4.2) and (4.4) hold, then the sequence {Q" (oo, ), Z" (co,m)} is tight.
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A proof is presented in Appendix C.3.3.2. The proof is based on the results of [27]. In
particular, we define two functions and show that they are geometric Lyapunov functions
for these systems. Then, we use Theorem 5 in their paper to conclude the proof.

Recall that X "(00) and W"(oo) denote the stationary distribution of the processes X"

and W’", respectively.

Theorem 4.1.13. Let {X"} be a sequence of MED-FSF distributed server pool systems. If

(4.2) and (4.4) hold, then

X"(00) = X (00) and (4.60)
L (4.61)
where X (00) has the density given by (4.13).

Theorem 4.1.14. Let {X"} be a sequence of MED-LB distributed server pool systems. If

(4.2) and (4.4) hold, then

X"(00) = X (00) and (4.62)
L (4.63)
where X (00) has the density given by (4.26).

The proofs of Theorems 4.1.13 and 4.1.14 are presented in Appendix C.3.3.3.

Remark 4.17. 1t can be similarly shown that

1. if {X"} is a sequence of FSF A-systems that satisfy (4.2) and (4.4), then (4.60) and

(4.61) hold with X" and W are replaced by X% and W}, respectively,

2. if {X"} is a sequence of LB A-systems that satisfy (4.2) and (4.4), then (4.62) and

(4.63) hold with X" and W7 are replaced by )A(X and WX , respectively.

Proofs of the results in Section 4.1.2: Next we prove Theorems 4.1.1, 4.1.2, 4.1.4

and 4.1.5 and Corollary 1.

Proof of Theorem 4.1.1. Consider a sequence of MED-FSF distributed server systems de-

scribed in Section 4.1.1. Assume that (4.2) and (4.4) hold.
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Fix an adapted routing policy 7 and consider a sequence of 7 distributed server systems
and a sequence of A-systems with the rth systems in both sequences having the same
arrival and service rates and number of servers in each pool. Let Qs (t) denote the number
of customers in the queue and Z7 A(t) denote the number of customers in service in the jth
pool at time ¢ in the rth A-system. Recall that Q" = (Q7,...,Q%) and Z" = (Z],...,27)
are the number of customers in the queue and in the service processes in a distributed
system.

We claim that there exists an adapted routing policy 7’ for the A-systems such that for a
distributed system operating under the policy m and the corresponding A-system operating
under the policy 7’

Q' (00, ") ZQT oo, m) and Z; (00, 7') ~ Zf (0o, ) for all j € J. (4.64)
JjeT

The policy 7’ is constructed from the policy 7 as follows. Consider the distributed system
and the corresponding A-system and assume that the interarrival times of the customers to
each system is equal and the service requirement of the kth customer arriving to each system
is the same. The routing policy 7 dictates the order customers are served in the distributed
system. Assume that the system is initially empty. The customers in the A-system can
be served in the same order and in the same server pool as follows; start the service of
the kth arriving customer in the A-system when the kth arriving customer’s service in the
distributed system starts and in both systems route the customer to the same server pool.
Denote the routing policy in the A-system by 7. Then,

) =Y Qj(,m) and Zj ,(-,7') = Zj (-, ) for all j € J a.s. (4.65)
JjeI
Hence, (4.64) holds. Also, 7’ is adapted to (Q", Z)) since 7 is adapted to (Q", Z").
Let
SHOES )+ Y (ZA8) = NJ)/VINT
JjeET
and X, (00, 7') be the weak limit of X, (t,7) as t — oo if it exists, and taken as in (4.7)

otherwise. Then, by (4.65), X (co,n’) ~ X" (0o, ).
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Now, consider the preemptive FSF (P-FSF) policy in the same sequence of A-systems.
A preemptive policy allows a customer to be handed-off to another server, who will resume
the service from the point it has been discontinued. Under the P-FSF policy in an A-system
if an arriving customer finds more than one available server he is served by the faster one.
Also slower servers hand off a customer whenever a faster server becomes available.

By Proposition 3.1 of [1] in an A-system
P{X7} (00, P-FSF) > x} < P{X} (00, 7’) > z}

for any adapted policy 7’ and for all z € R. (In [1], 7" is assumed to be HL but it is not
required in the proof of their Proposition 3.1.) By Proposition 4.5 of [1], the argument
above, and Theorem 4.1.13, we get (4.8).

Observe from Theorem 4.1.13 that

lim P{W" (co, MED-FSF) > 0} = lim P{X" (co, MED-FSF) > 0},

r—00

since X (c0) is a continuous random variable. We get (4.9) by combining the PASTA
property of an adapted policy [71] with (4.8).
O

Proof of Theorem 4.1.2. The result follows from Proposition 4.11, Remark 4.15, Theo-

rem 4.1.8, Remark 4.16, Theorem 4.1.9, Theorem 4.1.13 and Remark 4.17. O

Proof of Corollary 1. Note that by (4.12) we have that
P(W"(c0) >0) — «

as r — 0o, where « is given by (4.14). Now consider E[Q"(00)], the expected queue length

in the steady state. By (4.1.13) and (C.55)

E[Q"(00)/V/INT]] = E[(X (00))] (4.66)
as r — 00, where

E[(X ()] = aF (4.67)



by Theorem 4.1.9. By combining (4.66), (4.67), (4.58), (4.2) and (4.4), we obtain

R T % oco))T R |5
B ooy - VI ELCt o) E[Wr(oo)]_a\/%m L

where « is given by (4.14).

Proof of Theorem 4.1.3. For i > 2, by Proposition 4.7 and Theorem 4.1.12

Z7 (o0

1

Bi

‘ — 0 in probability as r — oo.
and

A

‘Z{(oo)‘ — <X(oo))_ in probability as r — oo.

Gi

is uniformly integrable. This yields (4.17) by Theroem 4.5.4 of [16].

By (C.55) the sequence

0

Proof of Theorem 4.1.4. The convergence in (4.22) follows from Proposition 4.9. Next

we prove (4.19). For i,j € J define

? J—

Bi B

Observe that by Proposition 4.9 and Theorem 4.1.12

To_

Zi(0) _ () ‘

Y}, — 0 in probability as r — oco.

(4.68)

By (C.55) the sequence {Y7};} is uniformly integrable. This yields (4.19) by (4.68) and

Theroem 4.5.4 of [16].

O

Proof of Theorem 4.1.5. The last equality in (4.24) follows from Theorem 1 of [32]

and the last equality in (4.25) can be proved using arguments similar to those in the proof

of Theorem 3 in [29]. The first and the second equalities in (4.24) and (4.25) follows

from Proposition 4.13, Remark 4.15, Theorem 4.1.8, Remark 4.16, Theorem 4.1.10, Theo-

rem 4.1.14 and Remark 4.17.
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4.1.5 Concluding Remarks

Under the FSF policy all the servers except those with the lowest service rate are utilized
100% and under the LB policy the utilizations of all the servers are equal. The LB policy
can be modified to distribute the available percentage of idle time, which is equal to (1—p")
in the rth system, in desired proportions among all the server pools. To illustrate this let
d = (dy,...,dy). Under the modified LB with parameter d (MLB;) policy (also under the
MED-MLBy policy) when there are idle servers in the system a customer arriving arriving
to the system at time ¢ is routed to the server pool with minimum
Zi(t) — Nj
diNY

Note that if d; = dy = ... = d this policy reduces to the original LB policy. If d; < dj, for
k,j € J, the utilization of the server pool j will be more than the utilization of the server
pool k . Therefore, the utilizations of all servers can be controlled by assigning appropriate

values to d. One can show similar to (4.22) that

1

d;NT d;NT

20 - N Z30) =N

VINT

— 0 in probability as r — oco.
T

Similar results that are established for the systems operating under the LB and MED-LB
routing policies in Section 4.1.2 can also be shown to hold under the MLB,; and MED-MLB
routing policies. In particular, under the MLB; and MED-MLB, routing policies (4.16)
hold with

[y v o]
o/VE) |

where

Z}'Izl dj B
—
Zj:l Bjk,

Let the limiting stationary delay probability under a policy m be denoted by «, . If 1 =

i=

dy > dy > ... >dy, then it can easily be shown under the assumption (4.1) that

apsF < OMLBy < QLB (4.69)
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Ifpu <po<ps<...<pjand 1 =d; >ds > ... > dy, then the inequalities in (4.69) are
strict and as da | 0, amiB, | arsk, and as dj T 1, o, T oB-

In some applications one or more pools have significantly fewer servers than the other
pools. In this case our approximations may perform poorly because our results are based on
the asymptotic analysis when all the server pools have significantly many servers. Extensions
of the MED—-LB routing policy shall be considered for these systems.

The minimum expected delay-longest idle agent (MED-LI) routing policy is a commonly
used policy to balance utilizations of the servers in call center industry. Under the MED-LI
policy an arriving customer who finds idle servers upon arrival is routed to the agent who
has been idle the longest at the decision instant. If all the servers are busy at the time of an
arrival, the customer is routed to the queue with the minimum expected delay. The MED-
LI policy is available by default in most commercial automatic call distributers; see, for
example, Cisco Intelligent Contact Management [17]. In future research, the performance

of the MED-LB policy will be compared with that of the MED-LI policy.

4.2 Asymptotically optimal control policies for N-systems

In this section we consider parallel servers systems with an N-design, or N-systems for short,
with many servers. An N-system consists of two customer classes and two server pools. The
servers in the first pool can only serve class 1 customers whereas the second pool can serve
either class. An N-system is illustrated in Figure 2. We assume that all the service times are
exponentially distributed and w11 < po1 = poo. For the rest of this section we set 11 = pq
and pg1 = piog = 2.

Our objective is to minimize the total holding cost during a finite time interval. Let
h; denote the holding cost for each unit time a customer is held in queue i. We assume
that hy > hs; i.e.; it costs more to have a class 1 customer wait in the queue than a class 2

customer. The objective function we consider is

mell

T
min/o (h1Q1(t) + haQ2())dt.

Above, II denotes the class of admissible policies described in Section 2.1.
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Figure 2: An N-system

We focus on N-systems where the first server pool cannot handle all the load from class
1 customers and needs help from the second server pool. For the admissible scheduling
policies described in Section 2.1, a server from the second pool can be assigned to serve a
class 1 customer in two situations: first, when a class 1 customer arrives to the system to
find idle agents in that pool and second, when a server in pool 2 finishes service and finds
a customer in the first queue.

Consider the following static priority policy, which we denote by 7* in the rest of this

section;

a. If Q7 (t) > 1, servers in pool 2 give priority to class 1 customers, i.e.; whenever a server
finishes a service and finds a customer waiting in class 1 queue he starts serving the
class 1 customer who has been waiting the longest. If there are no customers in class

1 at that instant then he checks class 2 queue.

b. For class 1 customers, server pool 2 has priority over server pool 1, i.e.; upon arrival
if a class 1 customer finds idle servers in both pools he starts his service in the second

server pool.
c. Servers do not idle when there is a customer they can handle is waiting in the queue.

The main result of this section is that 7* is asymptotically optimal for the N-systems under
the Halfin-Whitt many server regime.

Although, the class of N-systems we consider in this section is admittedly seems to be
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arbitrary and constrained to satisfy certain conditions, our results can be extended in several
directions that we do not explore here. For example, if the service rate of the first server
pool is greater than that of the second server pool and hs > hy then another static priority
policy can be shown to be asymptotically optimal. However, our analysis technique cannot
be used when po1 # poo. The main objective of this section is to show that how our SSC
framework can be used to identify asymptotically optimal policies for parallel server systems
with many servers. In conventional heavy traffic analysis, N-systems provided an important
stepping stone for the analysis of more general systems, see Harrison and Lopez [41], Bell
and Williams [10], and Ata and Kumar [4]. Future research will address extending our
analysis in this section to more general parallel server systems.

The rest of this section is organized as follows. In the following section we review the
related literature and motivate our results. We give a detailed description of N-systems
we study in Section 4.2.2. In Section 4.2.3, we present our main results. The remaining

sections are devoted to the proofs of our main results.
4.2.1 Previous Work and motivation

N-systems have been analyzed under the conventional heavy traffic in the literature ex-
tensively. In Harrison [39], it is shown through simulation experiments that the policy 7*
explained above can be unstable even when the system have enough capacity to serve all
the customers. Surprisingly, we show that this policy is asymptotically optimal under the
Halfin-Whitt many server regime.

Next, we present the results of a simulation experiment that is similar to Harrison’s to
illustrate this phenomenon. Let Ny = No =1, A\ = 1.4p, Ao = 0.7p, 1 = 0.7, and po = 1.
We take the unit time to be one minute. Theoretically, if p < 1 then the system has enough
capacity to be stable. However, under the static priority policy described above this will
not be the case. We set p = 95% and simulate this N-system for 1000 hours. Figure 4.2.1
shows the queue lengths from this simulation as a function of time. It is clearly seen from
this figure that the static priority policy is not even stable in this case.

On the other hand, the static priority policy performs a lot better in the presence of
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Figure 3: Behavior of the N-system with one server in each pool under 7*.
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Figure 4: Behavior of the N-system with 20 servers in each pool under 7*.
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many servers than it does in a single server setting. To illustrate, we simulate a similar
N-system with many servers. For this simulation experiment, we multiply the arrival rates
in the system simulated above by 20 and set the number of servers in both pools equal to
20. Note that the total load on the system divided by the total capacity of the system is
the same with that of the model simulated previously. Figure 4.2.1 shows the queue lengths
from this simulation as a function of time. It is clear from this figure that this realization
of the system is stable. Also, the number of customers in the first queue is very small. As
illustrated by this example, even when the number of servers and the arrival rates in the
system are increased by only 20 times the N-system under the static priority policy becomes

stable.

Remark 4.18. We do not claim that the static priority policy is stable for an N-system
with many servers whenever p < 1. In fact, for each N-system with multiple servers one
can find a value p such that for p < p < 1 that system is unstable. However, we conjecture

that y/|N7|(1 — p) — 0 as the number of servers go to infinity.

For N-systems under conventional heavy traffic, Harrison [39] proposed a discrete-review
policy to minimize the holding costs and proved that it is asymptotically optimal in the
conventional heavy traffic limit. Harrison and Lopez [41] extended his results to parallel
server systems.

To mitigate the problems with the static priority policy, Bell and Williams [9] proposed
a threshold type static priority policy and showed that it is also asymptotically optimal
in conventional heavy traffic limit. They extend their results to more general systems in
Bell and Williams [10]. Their policy requires a threshold value and only when the number
of customers in the first queue exceeds this value servers in the second pool give priority
to the customer in the first queue. They show that the threshold value can be taken to
be in the order of log(1/(1 — p)), where p is the optimal solution to the static planning
problem that is similar to (2.21). To illustrate the performance of their policy, we simulate
the N-system with one server in each pool we considered above with threshold value equal
to 5. Figure 4.2.1 shows the queue lengths from this simulation as a function of time. As

opposed to the N-system under the static priority policy, the number of customers in the
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Figure 5: Behavior of the N-system with one server in each pool under Bell-Williams policy.

second queue in this case does not present a growing trend. Our result reveals that one
does not need a threshold when the number of servers get large. However, in the light of
Remark 4.18 one may want to use a threshold value in the order of log(1/(1 — p)). It can
be shown that the static priority policy with a threshold value that is o(1/1/(1 — p)) is still
asymptotically optimal

As mentioned above, we show that 7* is asymptotically optimal for the N-systems un-
der the Halfin-Whitt regime. Other policies, which are more complicated than 7*, have
been shown to be asymptotically optimal for similar systems. Harrison and Zeevi [38] and
Atar et al. [7] studied V-systems and Atar [6, 5] studied tree-like parallel server systems.
These papers considered dynamic control in the Halfin-Whitt regime. They focused on a
formal derivation of a diffusion control problem (DCP) and obtain optimal control policies.
However, specification of the optimal policies uses the solution of a set of partial differential
equations (PDE’s) and this set of PDE’s can only be solved numerically. Also, the param-
eters of these PDE’s depend on the system parameters therefore the control policies they

obtain is sensitive to the changes in these parameters. In Atar et al. [7] and Atar [6, 5],
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they derive control policies for the actual system from the optimal control of the DCP and
prove that these policies are asymptotically optimal. Since the policies can only be speci-
fied numerically, approximations to the system performance cannot be obtained under these
policies. Our purpose is to come up with a simple optimal policy that can also be used to

approximate the optimal system performance.
4.2.2 Model description

As noted above, we analyze a sequence of N-systems indexed by r under the Halfin-Whitt
regime. Recall that X" = (A], ;) denotes the arrival rates to each class, N" = (N7, N3)
denotes the number of servers in each server pool and |N”| denote the total number of
servers in the rth system in this sequence.

We assume that the system reaches heavy traffic as r gets large. We also assume that
the total capacity of the servers in pool 1 is not enough to handle all class 1 customers.
Therefore, second server pool must serve some of the class 1 customers for stability of the
system. Specifically, we assume that there exist A\; > 0, k = 1,2, 8; > 0, j = 1,2, such that

A
[N

— A, asr —oofor k=1,2 and Nj =|[N"|g;, (4.70)
and xo1, x99 > 0 that satisfy z91 + z90 = 1 and

A = Bipn + Boxaipa, A2 = Paxopia. (4.71)

In addition we assume that

)\g = MlN{ +M2$21N2T -V ‘Nq@l and (4.72)
)\5 = /,LQ.Z'QQN; — ‘NT‘HQ. (473)

for 01,02 € R and we set 0 = 01 + 02. Under assumptions (4.70)-(4.73), Assumption 1 in
Section 2.3 holds.

Since there is no routing we only use one subscript with each queue. The notation used
in this section differs from that introduced in Chapter 2 only in that we omit the subscript
i

in the notation used in this section. For example, instead of Aj91(t) we use Ag(t) to

denote the number of class 1 customers whose service started in the second server pool
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immediately at the time of their arrival who arrived to the system by time ¢. For notational

convenience we denote the total number of class k customers in the system at time t by

XJ.(t) hence

X () + 2.7

jeJ(k)
y (4.70)-(4.73), the diffusion scaling defined at the end of Section 2.3 becomes
Z1,(t) — 5 Zy (t) — 221Ny Zgy(t) — w22 N3

Zh(t) = ; Zzl( ) = , Zhy(t) =

W VINT

For the rest this chapter we assume that

VINT

~

(Q"(0),27(0)) = (Q(0), 2(0)) and (Q"(0), Z"(0)) — (Q(0), Z(0)) a.s. (4.74)
as r — o0, where Q(0) = (0,0) and Z(0) = (81, 7212, 2232).
4.2.3 Main results

As mentioned above we focus on minimizing the linear holding cost in the queues. The

instantaneous diffusion scaled holding cost at time ¢ under policy 7 is defined by

H" 7r Z h: Qr
1€
We define the cumulative cost process under an admissible policy 7 by
¢ (t) / H"™(s)ds for t > 0.
Let the process Y* be the solution of the following SDE

Y*(t) = Xl(O) + XQ(O) — 0t + 7’1W1(t) + TQWQ(t) + w1 /Ot(Y*(S))_dS, t>0,

ri = (NG + M) (4.75)

and C?M is the coeflicient of variation of the interarrival times of the process F; defined in

Chapter 2.2 and for real x 2= = (—z) A0 and T = 2 A 0. We define
/ ha(Y*(3))+ds. (4.76)

The following result shows that (* provides a lower bound for the cumulative holding

costs under any admissible policy as r — oo.
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Theorem 4.19. Let ™ be an admissible policy and {X"™} be a sequence of N-systems

working under w. Assume that (4.70)-(4.74) hold. Then for each fized x > 0

lim inf P{¢"™(T) > a} > P{C*(T) > «}.

With Theorem 4.19 the following result shows that 7* is asymptotically optimal.

Theorem 4.20. Let {X"™ } be a sequence of N-systems working under the static priority

policy w*. Assume that (4.70)-(4.74) hold. For each fized t > 0 and x > 0
Tim P{C"™ (t) >z} = P{C*(t) > z}. (4.77)

In the proof of Theorem 4.20 we use the SSC framework established in Chapter 3 to

prove that in the limit as r — oo
i. the queue length process for the first queue is always zero,
ii. the servers in the second pool never idle,

iii. the servers in the first pool may only idle if there are no customers in either queue.

Using the last two SSC results we will show that the total number of customers in the
system is minimized. The first SSC result ensures that customers are held only in the cheap

queue.

4.2.4 Analysis of an admissible policy

In this section we prove Theorem 4.19. The proof consists of two steps. First, we define a
mapping which we use to obtain a lower bound for the total number of customers in the
system. In the second step, we prove that this mapping indeed provides a lower bound for

the total cost under any admissible policy.
4.2.4.1 A minimizing mapping

In this section, we define a mapping on D[0,00) that we use to obtain a lower bound on
the total number of customers in the system. For 2 € D|0, c0), the mapping v : D[0, 00) —

D|0, 00) is defined by
() =y
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where

t
1) = a(t)+m [ () s (4.78)
Next we establish the basic properties of v

Lemma 4.21. For each x € D|[0,00) there exists a unique y that satisfies (4.78). Further-

more, 1 1s Lipschitz continuous.

Proof. Let x € D[0,00) and puq > 0. For n > 0, let

t

Y HUE) = 2(t) + /O (5" (s))"ds (4.79)

and

YO(E) = [y (s) = " (s)le

This gives us

YO () = [y (s) =y ()10 < /0 [y (5) = " (5)] ds = /0 Y (s)ds.

Hence, by Lemma 11.3 in Mandelbaum et. al [51],

T’I’L
Y (t) < p— sup YO (s)
n: o<s<t

Therefore, similar to (11.22) in Mandelbaum et. al [51], {y"(-)} is a Cauchy sequence hence
converges to a limit y uniformly on compact sets. This proves existence.

To prove continuity, assume that z;(t) € D[0,00) for i = 1,2. Then for any 7' > 0

[ (z1)(t) — ¢(22)(t)] <[22 (t) — 22(t)] + ul/o [ (21)(5) — Y (w2)(s)|ds

By Corollory 11.2 in in Mandelbaum et. al [51],

(1) (t) = P(x2) (W)l < pallwe(t) — w2(t)||re’

97



Next we show that, for each z € D|0,00), y is the minimum function that satisfies
ceratin conditions. In the following section we deal with the total time allocated to each

class. Let T; € C[0,00), i = 1,2 and
Ti(t:s) = Ti(t) — Tils).

In the next section we use T]k(t) to denote the diffusion scaled deviation of the total time
allocated from the jth server pool to the kth customer class from its nominal value x;/3;t.

Given z € D[0,00), and p1 < pg assume that (g, 7, Ty) € D3[0,00) satisfy

§(t) = z(t) — mT1(t) — p2Ta(t) (4.80)
Ty(t:s) <0, Ta(t;s) <0 (4.81)
Tit59) + To:9) < [ (30 ds (4.82)

for all ¢ > 0.

Theorem 4.22. Let x € D[0,00) and assume that (y,T1,T2) € DI]0,00) x C[0,00) x C[0, 00)

satisfy (4.80)-(4.82), then for each fized T > 0

sup {i(x)(t) —y(t)} < 0. (4.83)

0<t<T

In particular,

T T
/Ow(x)(t)dtg/o g(t)dt.

Proof. Let z € DJ[0,00) and assume that § € D[0,00) and (T1,T) € C?[0,00) satisfy
(4.80)-(4.82).

First we show that
P(z)(t) —Y(x)(t—) = y(t) — y(t—) for all ¢t € [0,T]. (4.84)

We prove (4.83) using this result.
Fix T > 0. Since x € D0, 00), by Lemma 1 in Billingsley [11], there exists M > 0 such

that

lz@)]r < M.

98



By (4.78)
P(z)(t) > z(t) > —M.
Therefore,
T
L@@l < (@) lr + po /O () (s))"|ds < (M + paM)T
This gives that
” /0 ((x)(s))"ds

is continuous on [0, 7. Since T} and T3 are continuous (4.84) holds.

Now assume that there exists tg € [0, 7] such that
§(to) < (z)(to). (4.85)
Let
s0 = sup{0 < s <t :g(s) — Y(x)(s) = 0},
so that
j(t) < () (t) for all t € (so, to], and §(so) = ¥(x)(s0) (4.86)

since §(s) — ¢(z)(s) is continuous by (4.84) and z € DJ0, c0).

Then,

g(to) —v(x)(to) = Ml/ (Y(x)(s))"ds — p1Ti(to, s0) — 212 (to, s0)

(¥(x)(s))"ds — p1 (Ti(to, s0) + Ta(to, 50))

\V;
=
=
T
o

v
=
—
U\
[=} ~
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by (4.86). This contradicts with (4.85). O
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4.2.4.2  Proof of Theorem 4.19

Fix an admissible policy . Note that by our definition of an admissible policy Zi € DJ0, )

a.s. for each r. Let

. 17 (¢ t
j?‘k(t) = /|N"| ( |]]$(r|) _g;jkﬁjt> :/0 ;k(s)ds.

Observe that Tfk satisfies the following conditions; for all 0 < s <t

—N{(t —s)/VINT <T{{"(t;s) <0 (4.87)

—N3(t = 8)/VINT| < Ty (t:5) + T557 (t:5) < 0 (4.88)
t
Ty (6 s) + T3 (t;s) < / X7 (u)du (4.89)
S
t
1357 (65) < [ X7 w)du (4.90)
S

Proof of Theorem 4.19. The idea of the proof is similar to that of Proposition 2 in Ata
and Kumar [4]. Fix an admissible policy 7 > 0, 7' > 0 and = > 0. Choose a subsequence r;

such that
lim P{¢"""™(T) > z} = iminf P{{"™(T) > =}
7‘]‘—>OO 7 —00

Let {T"™} be the sequence of allocation processes under policy m. Since

AT, T AT, T N]T
erl’c (t) _,T]I; (S) < ’Nr’(t_s)v

the sequence
{(A7(),87(), 77 () }

is tight and any weak limit of this sequence has continuous paths almost surely. In particular,

the limit is of the following form
(4°(),8°().77()) . (4.91)

where A* and S *(+) are driftless Brownian motions of appropriate dimension, 7™ is a non-

decrasing process with

TT(t) —T"(s) < (t — s)e, for 0 <s<ta.s.
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for all t > 0.

Let {77} be a further subsequence of {T73""} which converges weakly to a limit as in

(4.91). By appealing to the Skorohod representation theorem, we may choose an equivalent

13 b

distributional representation (which we will denote by putting a “ ~

such that the sequence of random processes
(Arn(), 87 7(), 777 ())
as well as the limit
(A°(),57(). 7))
are defined on a new probability space, say (Q, F, ]5>, so that P a.s.

(A (), 877, T75()) = (%), 5°().T7())

above the symbols)

(4.92)

u.o.c. as v’ — oco. We can also assume without loss of generality that there exists a sequence

of random vectors in (Q"(0), Z"(0)) in this new space that is independent from all stochastic

processes in 4.92 such that (Q"(0), Z7(0)) has the same distribution with (Q"(0), Z"(0)).

We define the following processes on this new probability space:

=/ 1 pew ATt
AT’,T((t) — Ar’ﬂ(t)—l— k

k /’NT’ k |Nr|

= o 1 :T’/,ﬂ

i (@) = N (t) + pjkt
) = VINT (T () - Bt

where
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and

o o) gr Z5(0) — 233
Q1(0) = Q1(0)/y/IN"| and 7(0) = k|—\/W|Jk

We note that processes defined by (4.93)-(4.97) have the same joint distribution as the corre-

sponding scaled processes in the original probability space for each r. Also, since in the origi-
nal space T"7 satisfies (4.87)-(4.90) and (X{W(),ng(),f"”(» and ()%{U),)?gﬂ),f”‘”())

are equal in distribution, we have

T"7(-) is nondecreasing a.s.

fr’”(t; s) < (t—s)efor s <tas.

and T™7 satisfies (4.87)-(4.90) with X7 and X5 are replaced by X7 and X5, respec-

tively:
~NI(t = )/ VINT] < T (t:5) < 0 (4.98)
—N3(t = 5)/V/INTT < T3 (8 5) + 1357 (85) <0 (4.99)
T (b s) + T3 (£ 5) < / "X (w)du (4.100)
T07(t;s) < t)?gv’f(u)du. (4.101)

We have that

(577(), A7) = () AC)) (4.102)

where

u(t) = (mt, pot, pot) and

AE) = (At hot)
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for all t > 0. We also define

X)) = ()N( ) + B1 + z2152
- fcl( + A7) = S (T ) - S (T3 ()
)\r
~ v + B + w21 Pop2
T, 1 T
50 = o (B70) + oy

=/ r

T r,m ar' . (A )‘
= 500+ A7) - 57 (T570) ~ (55 + b

Observe that this scaling corresponds to the fluid scaling in the original probability space.
By (4.102) and (4.92)

a.s. u.o.c., where

XT(t) = X1(0) + Mt — T (t) — TR ()
XI(t) = X2(0) + Aot — T (%)
We note that
T (8) < B T3 (1) + T5(t) < B (4.103)

by (4.98) and (4.99). Also, by (4.74)

X1(0) = B1 + Bawa1 and X2(0) = Bozan (4.104)
Let
F() = X7(0) + ATT() - SiT(T () - Sy (T (1) + X5(0)  (4.105)
+ AL () — Sy (Th (1),
VI = X[+ X570 = 30 — T () — e (T3 () + T7(1) ) (4.106)
and

& (T = /0 ' <}77””(s))+ ds.
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Also, we define
Th(t) = zufit, Th(t) = w21 fat, T5(t) = xasfat,
() = X{(0)+ AT (1) = ST(Th(1) — Sy (T31(1) + X5(0)

+ AT = ST (1)),

and

N T, +
EM(T) = /0 (Y : (s)) ds. (4.107)
We have by (4.92) that
AT () = S1T(Th () = S51(T5 () = AT() = St (T () = S51(T5()),
A7 () = Spy™(Ta™ () — AS() — S3a(T5 ()

P-a.s. u.o.c.

Let process Y* be the solution of the following SDE

~ ~

V) = X1(0)+ Xa(0) + AL(t) — ST (TE (1) — S5 (T3 (1))

A0 = Sp(Ta(0) + [ (V) ds 120

We define

and
~ t ~
C*(t) = / H*(s)ds, t > 0.
0
Clearly, C* has the same distribution with ¢* defined by (4.76). Also
haf™(T) — C(T)
P-as. as 7 — oo by Lemma 4.21 and the continuous mapping theorem.
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Next, we divide the sample paths into two sets based on their fluid limits. By (4.103)

and (4.104)
XT(T) > i + 22152 and X5 (T) > 220.
Define
Vr={weQ: X[(T) = B +an o, XF(T) = wnfha .
Observe that for w € Q and 0 <t < T

TF () = anbrt, T5 () = 221 6ot, TH(t) = 2mfht.
Next we apply Theorem 4.22 to Y7, Iaﬁm, and 7:7;”() = Zigllw() + fg;”() By (4.98)
and (4.99), (4.81) holds. By (4.106), (4.80) holds. By (4.100) and (4.101),
X X t x X
T () + T3 (60) < [ (K07 () + X7 () du

Combining this with (4.98) and (4.99) yields

~ ~ t ~ ~
T () + 15 (8 s) < +/ (X{’”(u) +X§’7r(u)) du.

Therefore, (4.82) holds as well.

Since v is continuous by Lemma 4.21, by using Theorem 4.22, we have that for all

weVr
lim &) > lim £(T), (4.108)
Next we define
Upr = Q\ Vr.

Fix w € Ur. By continuity of qu and ):q we can choose T such that

XT(t) + ):(g(t) — (b1 + x2102 + w222) > 0 (4.109)

for all t € [Ty, T]. Then,

~ T = ./ = ./
&) = IV [ (R5706) + X5 7(6) = (B -+ ) s
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Combining this with (4.109), we have that
lim inf £(T) = o0

for all w € Up. Finally, this with (4.108) gives that

liminf &7 (T) > lim ™ (7T) (4.110)

r’'—o0 r’'—o0

T
€7 (T) = /0 (Y77 (s))* ds

and note that €™ and €™ have the same distribution. Also,

T A A
¢ (T :/0 <h1Q§’W(S) +h2Q§’W(S)> ds > he&"™(T).

Hence, for every = > 0

Jim P {Q“TI”T(T) > g;} > lim P{ha¢"(T) >} = lim P {hgé"’”(T) > x}
— lim E [1{@573#(11) > x}}
> E [mp inf 1{hp"™(T) > x}]
>

E [Iim inf 1{ho"*(T) > x}]

r’'—o00

= P {5*(T) > x}

4.2.5 Analysis of the static priority policy

In this section we prove Theorem 4.20. We begin with analyzing the fluid limits of the
static priority policy. Then, we establish a SSC result using the framework in Chapter 3.
Finally, we prove the asymptotic optimality of 7* using these two results.

First note that, by (4.74)
Q™™ (0) = 0, Z{7(0) — Br, Zg7" (0) — w2182, Zg5 (0) — w220

a.s. as r — oo. the following result establishes the fluid limits N-systems working under 7*.
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Proposition 4.23 (Fluid limits). Let {X"™ } be a sequence of N-systems working under
the static priority policy w*. Assume that {Q"(0)} is bounded a.s. as r — oo. Let ¢ = (0,0)
and z = (211,221, 221) = (B1, 22102, x22032). Then, (q,z) is an invariant state of the fluid
limits of {X"™ }.

The proof is placed in Section 4.2.5.1. Next we prove three SSC results that will be used

for the optimality proof.

Proposition 4.24 (State Space Collapse). Let {X"™ } be a sequence of N-systems working
under the static priority policy ©*. Assume that (4.70)-(4.73) hold. Then for each T > 0,

there exists L™ = o(\/|N"|) with L" — oo as r — oo, such that

Q™ (- ‘ v HZ”T* : ( 4111
Ol g Of g (4.111)

satisfies the compact containment condition,
(X”f (L7 /\/IN7]) ‘ ‘X” 0)| . (4.112)

as r — 00,
sup { QO | V|2 0 + (50 + K57 )
Lr/y/INTISt<T

(Z;‘l’f 2 )(} 0, (4.113)

in probability as r — oo.
Now we are ready to prove Theorem 4.20.

Proof of Theorem 4.20. Assume that the assumptions of Proposition 4.28 hold. We

omit pi* from the notation below. Let 2" (¢) be defined by

() = X{(0)+X5(0) + A7 (1) + A5(t) - 5Ty (T (1)) — S5 (T3 (1))

— S5, (Th,(t)) — ot (4.114)
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and
Y7 (t) = XT(t) + X5(t).
For a process y" associated with the rth system, we set

y't) =y (t + L)
! VI

Note that

« * LT * LT
T T — (T AT Iy A I 4.115
¢ Ty = ¢ ( ﬁﬂ> ¢ ( ﬁm> (1115)

We first handle the first term on the right hand side above.

« L % A or* A, m*
@w<___> [T G ) 4 haQs

VINT]
LT
< h t o+ h t r .
< (M@l +mleul ) o
This shows by (4.111) that
* L
¢ (W) —0 (4.116)

as r — OQ.

Next, we handle the second term on the R.H.S. of (4.115). By (4.112)
X"(0) = X7(0).
as r — 00. Hence,

" =W

as r — oo, where W is a Brownian motion with drift  and variance r1 + r9, see (4.75).

By (4.113)

23 () + Z3p(-) = 0 and (4.117)

(Z1,() + (XI() + X5(:)7) =0 (4.118)

as r — o00. Therefore, by continuity of 1) we have that

*

Y7 () =Y
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as r — oo. Also, since Q;W*() = 0 as r — oo and by (4.117) and (4.118)

mQy™ () +ha@Q5™ () = haY*(:)

as r — 0o. By the continuity of the integration operator, see Theorem 11.5.1 Whitt [65],

we have
¢ (T) = ¢H(T) (4.119)
as r — oo. By Theorem 4.4 in Billingsley [11], (4.116), and (4.119)

. L
T+ —— | = (T
(r+ )

as r — o0o. This yields the desired result by Theorem 4.19, since

. . L
P < ¢V T+
¢T(T) ¢ ( Wﬂ)

4.2.5.1 Fluid Limits of N-systems under m*

Before we establish the fluid limits of N-systems working under 7* we first provide a few
properties of the policy n*. We first note that policy 7* is non-idling so X" also satisfies
equation (2.10). In addition, from the description of 7*, under 7* X" satisfies the following
system equations.

Recall that under our static priority policy class 1 customers have priority over class
2 customers in the second server pool. Hence, a class 2 customer in the queue can start
receiving service if there are no class 1 customers waiting in the queue for service. Recall
that B;k(t) denote the number of class k customers who started their service in server pool

7 before time t after waiting in the queue. Therefore
B, (t) can only increase when Q' (¢) = 0. (4.120)

Since the second server pool has priority over the first server pool, an arriving customer

will start his service in the first server pool only when all the servers in the second pool
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are busy. Recall that A7, () denote the number of class k customers whose service started

immediately at the time of their arrival in server pool j by time ¢. Hence
A7, (t) and B7;(t) can only increase when Zj, (t) + Z3,(t) = Ny, (4.121)

If there are class 2 customers waiting in the queue to receive service then all the servers
in the second pool should be busy at that instant since the static priority policy is non-
idling. We showed in Lemma 3 ( see Appendix B) that only one event can happen at any
instant w.p. 1. Therefore, when a class 1 customer arrives to the system at an instant when
there are class 2 customers waiting in the queue, his service cannot start in the second pool

immediately. Therefore, for s < ¢
If Q5(7) > 0 for all 7 € [s,t], then A%, (t) — A5 (s) = 0. (4.122)

w.p. 1.
We first characterize the fluid model equations of 7* and then establish the invariant

states of the fluid limits.

Proposition 4.25. Let {X"™ } be a sequence of N-models working under the static priority
policy 7. Assume that {Q"(0)} is bounded a.s. as r — oo. Then, every fluid limit X™
of {X"™"} satisfies the following equations in addition to the fluid model equations (A.2)-

(A.11). For every regular point t > 0 of X™

Boi(t) = Bopis if Q1(t) > 0 (4.123)
Bu(t) = B if Q1(t) > 0 (4.124)
Aot (£) + Ago(t) = Ay + Ay if Zoy () + Zoa(t) < Ba (4.125)
Boa(t) = Bapa if Z11(t) < By and Qa(t) > 0. (4.126)

Remark 4.26. Intuitive explanations of these fluid model equations can be given as follows.
Equation (4.123) ((4.124)) implies that all the servers in the second pool (resp., first pool)
serve a class 1 customer as soon as they finish serving the current customer. It can be

shown that (4.123) follows from (4.120) and (4.124) follows from the non-idling condition.
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Equation (4.125) implies that when there are idle servers in the second pool all the
arriving customers will start their service in the second pool. It can be shown that (4.125)
follows from (4.121) and the non-idling condition.

Equation (4.126) implies that when there are class 2 customers in the queue and there
are idle servers in the first pool, servers in the second pool serve class 2 customers as soon

as they finish service. We show below that (4.126) follows from (4.122).

Proof of Proposition 4.25. We restrict our attention to the set of sample paths that do not
have a service completion from server pool 2 and an arrival to class 1 together at any time
instant. Again by Lemma 3 in Appendix B the set that satisfy this condition has probability
one.
We only give the proof of (4.126), other fluid model equations are proved similarly.
Let X™ be a fluid limit of {X"™ } and assume that {Q"(0)} is bounded a.s. as r — oo.

Also assume that
Z11(t) < B1 — e and Qa(t) > €

for a regular point t > 0 of X™ and for some € > 0.
Since X™ is a fluid limit of {X”r*}, there exists a subsequence, which we denote again

by r for notational convenience, such that w € §2 such that
XM (4 w) — X™ (4) wo.c. (4.127)

as r — oo and X" satisfies fluid model equations (A.2)-(A.11). Then, there exists § > 0

and 7o such that
Z71(s) < NT(B1 — €/2) and Q%(s) > ¢/2 (4.128)
for all s € [t — 0,t + ¢] and for r > 1. Therefore, by (2.10) in Section 2.1
Q7™ (s) =0 (4.129)
for all s € [t — d,t + 0] and for r > r¢. Hence, by (4.122),
p1(t+0) — Ay (t —0) =
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for all 7 > g, since Q4(s) > €/2. Therefore, by (4.127)
A (t) = 0. (4.130)
Also
Bl (t+8) — By (t —8) = 0
for r > ro, by (4.129) and non-negativity of Q;W*() Hence,
Bay(t) = 0. (4.131)
Since 7* is non-idling and Q2(t) > ¢, by (A.8)-(A.11)
Zo1(t) + Zao(t) = 0.
By (A.4)
221(t) + 222(75) = l§21(t) + ;121(15) + l§22(t) + ;122(15) - 521(15) - 522(15)-
Hence, (4.131) and (4.130) imply that
Baa(t) = Dax(t) + Das(t).
And so
Baa(t) = Bapi2,
by (A.8) and the fact that Q2(t) > 0. O

Proof of Proposition 4.23. By Definition A.2, we need to show that if (Q(0), Z(0)) =
(q,2), then (Q(t), Z(t)) = (g, 2) for all t > 0.

Let {er*} be a sequence of N-models working under the static priority policy 7*.
Assume that {Q7(0)} is bounded a.s. as 7 — oo. Also assume that (Q(0), Z(0)) = (g, 2).

We proceed in several steps:

(1) We first show that Q(t) = 0 for all + > 0. Note that whenever Q1 (t) > 0
Q1(t) = M — B — pafly = — 1272205
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by (4.123). Hence
Q1(t) =0 for all t > 0. (4.132)

(2) Next we show that Zoj(t) + Zoa(t) = [ for all + > 0. Similar to part (1), if

Z91(t) + Zaa(t) < Bo, then
Zo1(t) + Zoa(t) = A1 + Ao — 2l = pa
by (4.125). Since Za;(t) + Zaa(t) < B9 this proves that
Zo1(t) + Zoa(t) = B2 for all t > 0. (4.133)

(3) Now we show that (Z11(t) — 31)Q2(t) = 0 for all t > 0. If (Z11(t) — B1)Q2(t) < 0
then Z11(t) < 81 and Qa(t) > 0. First note that Q;(¢) = 0 by (A.6). Also, by (4.126)

Q2(t) = Aa — p2f = — 1221 B
and 14;121(15) = (0. This gives that 14;111(15) = A\ by (A.2). Hence, by (A.4)
Zu(t) =\ — Dii(t) > M — i = pazan .
These imply that

~((Zn(t) = B)Qa(t)) = Zn(H)Qa(t) + (Zu(t) — B1)Qa(t)
> pow91B2(Qa(t) + (61 — Z11(2)).

If (ﬁl—ZH(t))QQ(t) > 1 then (Qg(t)—i—(ﬁl—Zn(t)) 2 1. Otherwise, if (ﬁl—Zn(t))Qg(t) § 1,
then (Qg(t) + (51 - le(t)) > (61 — le(t))Qg(t). Thus, if (le(t) — ﬂl)Q_g(t) < 0, then

% ((Z11(t) = 1)Qa(t)) > 0.
Therefore
(Zn(t) — ﬁl)Qg(t) =0 for all £ > 0. (4.134)

(4) Now assume that Zao(t) < 9932 — € for some € > 0. Since
Q2(t) = Xa — paZas(t)
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this implies by the continuity of X, (A.3) and (A.4) that

Qg(t) > 0.
By (4.133) and (4.134) this implies
Zo1(t) = z21f2+e,
Zu(t) = B

Also, by continuity of Q2(t) and (4.135), there exists § > 0 such that Qz(s) > 0 for all

s € [t — §,t + d]. Therefore, again by (4.134),

Zu(s) = B,
for all s € [t — 0,¢ + d]. Hence,

Zu(t) = o.
However, by (4.132), (A.3) and (A.4)

Zo1(t) + Z11(t) = M — 1 Z11 () — paZaa (t) < —epa.
And so, by using (4.133) we have that
Zgg(t) > €lio.

This implies that whenever Zas(t) < w2232, 222(t) > 0. Hence Zas(t) > w290s.

It can be shown similarly that Za1(t) > 291 82. Thus, Z91(t) = w212 and Zas(t) = 29230
for all t > 0.

(5) Since Zag(t) = w93 for all t > 0, Q2(t) = 0 for all t > 0 by (A.3) and (A.4).

(6) Finally, since Zo1(t) > w212 and Q1(t) = 0 for all t > 0, Z11(t) > 1.

4.2.5.2  Hydrodynamic Limits

Let X™™ be the hydrodynamically scaled version of X", see Chapter 3.4.1, X™ denote
a hydrodynamic limit of X™™ . In this section we establish the additional hydrodynamic

equations that must be satisfied by the hydrodynamic limits of X" .
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From (4.120)-(4.122), it is readily obtained that the components of X" satisfy the

following equations in addition to equations (3.24)-(3.26),

B5,"(t) can only increase when Q7" (t) = 0, (4.135)
A" (t) and By}"(t) can only increase when Z3"'(t) + Z3," (t) =0,  (4.136)

If Q5" () > 0 for all 7 € [s,¢], then A5)"(t) — A5, (s) =0 (4.137)

Proposition 4.27. Let {X"™ } be a sequence of N-models working under the static priority
policy *. Assume that (4.74) holds. Then, every hydrodynamic limit X of {X"™ Y sat-
isfies the following equations in addition to the hydrodynamic model equations (3.1)-(3.8).

For every regular point t > 0 of X™"

Bor(t) = pafs if Q1) > 0, (4.138)
Bii(t) = 1By if Qu(t) > 0, (4.139)
Ao (t) + Asa(t) = M + Mo if Zon(t) + Zal(t) < 0, (4.140)
Boa(t) = pofe if Z11(t) < 0 and Qa(t) > 0. (4.141)

Proof. We only give a proof of (4.141). The other hydrodynamic equations are proved
similarly.

Let {X"™"} be a sequence of N-models working under the static priority policy 7*.
Assume that (4.74) holds. Let X™ be a hydrodynamic limit of {X"7"}.

Fix t > 0. Assume that Z;;(t) < 0 Q2(t) > 0. Then, by the continuity of X™", there
exists an € > 0 and a 7 > 0 such that Qo(s) > & and Z1,(t) < —e for all s € [t — 7,t 4 7].
Fix 0 < ¢ < ¢/2 and choose r large enough, together with an integer m and w € K", so that
(3.97) holds for 6.

It follows from (3.97) that
Z"(t) < —e/4 and Q5" (s) > /4 (4.142)
for all s € [t — 7,t + 7]. By (3.7), this implies

Q" (s)=0 (4.143)
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for all s € [t — 7,t + 7]|. Hence, by (4.137),
At 4 1) — Ayt (t—T1) = 0.
This implies that
Ao (t) = 0.
Also, by (3.28), (4.142) and (4.143) imply that
Box (t) = 0.
Combining this with (3.1)-(3.8) we get the the desired result. O
4.2.5.8  State Space Collapse Result

Using the results established in the previous section about the hydrodynamic limits and
Theorem 3.1, we first prove a multiplicative state space collapse result. Before we prove
Proposition 4.24, we establish an intermediate result as a corollary to the multiplicative

state space collapse results. Proposition 4.24 readily follows from this corollary. We define
Xl (t) = Ql(t) + le(t) + Zgl(t) and (4.144)
Xo(t) = Qalt) + Zoa(t) (4.145)
Proposition 4.28 (Multiplicative SSC result). Let {X"™ } be a sequence of N-models work-

ing under the static priority policy ©*. Assume that (4.74) holds. Then for each T > 0,
there exists L™ = o(y/|N"|) with L" — oo as r — oo, such that for

Br(L')=  sup (‘Qr(t)(v(zr(t)(m)

L /\/INT|<t<T
SUP L+ INT|<t<T Qr(t)‘ 0

Br(L") -
— WKT( + (%10 + %500) )

— 0
Suer/ |NT|<t<T < 5 +Z22 )’) 0
Br(L") B

i probability as r — oo.
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Proof. As mentioned before, we use Theorem 3.4 to prove this result. We focus on the
term in the middle and comment at the end of the proof how the other two terms can be
handled.

Let {er*} be a sequence of N-models working under the static priority policy 7*.

Assume that (4.74) holds. Let g : R> — R* be defined by
9(g,2) = |+ (@ + @ +21+2+2)" |

where ¢ = (q1,q2) € R? and z = (21,2,23). Recall that Q"(t) = (Q%(t),Q5(t)) and

27(t) = (25,0, 23,(6). Z5()). Therefore,
0@ 0.270) = |22+ (K10 + 5300 |

We next show that assumptions of Theorem 3.4 hold. Assumption 1 holds by (4.70)-

(4.73). Assumption 2 holds by Proposition 4.23 above and Lemma A.3. Also for a € (0,1)
g(ag,az) = laz1 + a(q1 + g2 + 21 + 22 + 23) 7| = ag(q, 2).

Since g is clearly continuous, g satisfies Assumption 3. It remains to be shown that hydro-
dynamic limits of {X"™"} and g satisfies Assumption 4.

Let {X™"} be a hydrodynamic limit of {X"""}. We note that by (3.3) and (3.6)
Q(t) =0, Z11(t) <0 and Zoy(t) + Zoo(t) < 0. (4.146)
By (4.144)
Xi(t) + Xo(t) = Qi) + Q2(t) + Z11(t) + Zan (1) + Zaa (). (4.147)
By (3.1)-(3.6), for every regular point ¢ > 0 of {X™ },
X1(t) + Xa(t) = 0. (4.148)
Assume that for a regular point ¢ > 0 of {X™"}
g(Q(t), Z(t)) > 0. (4.149)
We next show that if (4.149) holds

a(Qt), Z(t)) < —e. (4.150)
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We fix a regular point ¢ > 0 and handle two possible cases separately.

(1) First assume that
Zu(t) + (Xl(t) + Xg(t))_ > 0.
By (4.147), (4.151) and (4.146) imply that
Zo1(t) + Zaa(t) < 0.
Therefore, by (3.7)
Q1(t) = 0 and Qa(t) = 0.
Combining (4.140) with (4.152), (4.153) and (3.6) yields that
D(t) =~
This with (4.148) gives that
§Q(0). 2(0) = Zn() + 5 (%10 + %) = —mby

(2) Now assume that

Zn(t) + (Xl(t) + XQ(t)) <.
By (4.147) and (3.7), (4.155) and (4.146) imply that
Z11(t) < 0 and Qs(t) > 0.
Therefore, by (3.7),
Q1(t) = 0 and Zoy (t) + Za (t) = 0.
Using (4.141) we have that
Zu(t) = At — iy = pawafo.

This with (4.148) and (4.155) gives that

§(Q0), (1) = ~Zu() + 5 (Ka(t) + Xao(t))” = ~uaf

(4.151)

(4.152)

(4.153)

(4.154)

(4.155)



This with (4.154) gives (4.150). Hence, g and the hydrodynamic limits of {X"" } satisfy
Assumption 4. This proves the result for the middle term.

To handle the first term we define ¢ : R> — R by

g(Qv Z) = |q1|7

where ¢ = (q1,q2) € R? and 2z = (z1, 20,23) and use (4.138) and (4.139) to verify that
Assumption 4 holds for this g and the hydrodynamic limits of {X™™"}.

To handle the last term we define g : R®> — R* by

g(Qa Z) = |Z2 +Z3|7

where ¢ = (q1,q2) € R? and 2z = (21, 20, 23) and use (4.140) to verify that Assumption 4
holds for this g and the hydrodynamic limits of {X"7"}.

O

The following result is obtained by algebraic manipulations and the proof is placed at

the end of this section

Corollary 4.29. Under the assumptions of Proposition 4.28, for T > 0 and L" is given as

wn Proposition 4.28 and

Br(L") = sup (‘Xr(t)‘ v 1) ,
L7 //INT|<t<T

SupL'r/ ‘NT|StST Qg(t)‘ 0
= — 5
BT(LT)
Suer/ INT|<t<T < ZAfl(t) + <Xf(t) + Xg(t)) D i
= — 0, an
BT(LT)
sup, ) ricier (1280(8) + Z5(0)]) |
= —
BT(LT)

i probability as r — oo.

119



Proof of Corollary 4.29. Fix T > 0 assume that assumptions of Proposition 4.28 hold.

Then, there exists a sequence €, — 0 as r — oo such that

[P e [0 e (| 2000+ (%100+ %500) )
Br(L") Br(L")

\

7T 7T
SUP v/ /INTI<t<T <|Z21(t) + Z22(t)|> . } . (4.156)
T T .

Bp (L")

Let D" denote the complement of the event in the above expression. We assume that

sup (‘Qr(t)‘ v ‘Zr(t)‘> > 1,

L /y/INTI<t<T

as otherwise the result follows immediately. For notational simplicity for all the processes

above, with a slight abuse of notation, we set " (t) = " <t + L ) and T" =T — L

VINT VINT|
Choose r large enough so that €, < 1/100. Then on D"

Qi) i),

A > N A
r V2], ol v]zo)

€p >

@)

T’l‘

Therefore, on D"

<10, < (|20, +[20]

TT) . (4.157)

Next we establish a bound for @ By (4.156) and (4.157) on D"

2000+ (50 + K30

< (|eo],, v|zo)

)

Tr

it 2], = )

v Hz(t)u , then
Tr Tr

|z

2(|xi0], + [x@],,)
. < —1()T7"+ —2()T7"

T

for r large enough. Hence, in this case

|

|20+ (300 + 300)

2+ (X1 + X3))

<2 (|G, <o)

)

TT
Therefore,

<
Tr

20 (|10, + [220],, +[&0],, +[20],, + |2:0],,) 1159
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Combining this with (4.157) we get

e, <o (ol + o]+ s, + |zl + |2

—~

t)HTT)4.159)

Next we establish a bound for ||Q5(¢)||7+. By (2.23),

Q5(t) = X7 (t) + X5 (t) — Q1(t) — Z1, () — Z5 (t) — Z5p(1).

Since 7* is non-idling, &(t) + @(t) = 0 if Q5(t) > 0. Therefore,

0< Q1) < (X1(t)+ X3(1) - Qi) - Zh (1)) V. (4.160)

We have by (4.158) and (4.159) that

Xq(6) + X5() - Qi(t) - Z1 (1) < Xi() + X3(t) + (X1(0) + X5.(1))
se, [y

This gives by (4.160) for r large enough that

ol + e, |z, +|zel,.).

1@l <2 X1, +2|| %50,

(g0, + 350, + 2500], + 2501,

Combining this with (4.158) and (4.159) yields

2+ (X0 + X300))

.
50, + |50, + 2560, + |20, o w0

&, <t (K0, + |E0], + |20, + |Zo0],,) s

<46r(

for r large enough.

Next we establish a bound for || & (t)|l7r. Observe that

25 (1) = X{(t) — Z5(t) — Qi(®).

This gives by (4.161) and (4.162) that
1251 (@)l|7 < 21 X7 ()l + 20 X7 (0) |17~

wio (Ko, &0, + |Ze],, +|20],.)
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Hence, for r large enough

125 @)l < AXT Ol + 4 XT (Ol

s (gl + o], +Jaso],). @

Combining this with (4.161) and (4.162) yields

Zn )+ (X10) + Z3()

< ([0, + iz, +[zz0,) o
i, < (o, el +Jzzel,) @

120l <2 (Ko, +2|%0],,

s (s, + 50, +[2200],). oo

Finally, by (4.156), on D"

1Z5,(0) + Z(0) 17+ < e (| Q7 0)

. HZ(t)(

Tr) '
Thus, by (4.164)-(4.166)
1Z5®)llr < 10| X500

oo, e ([, + |50, +[z50],.)

T T
Therefore,
1250l < 20| X7 +20| Z50)]| -
This combined with (4.163)-(4.166) yields the desired result. O

Using this result we can now prove that the compact containment condition is satisfied

by HX"(t)HT for each T' > 0.

Proposition 4.30. Under the assumptions of Proposition 4.28, {HX"(t)‘

satis-
L7 /\/INT]| }

fies the compact containment condition, where L" is taken as in Proposition 4.28.

Proof. Assume that assumptions of Proposition 4.28 hold. We omit 7* from the notation

below for simplicity. Fix T" > 0.
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By (3.5),

QLD ot 200 + (X0 +X5(0) N, 7} and

{1258) + 2,00, (4.167)

satisfy the compact containment condition, since for each SSC function used to prove the
SSC result H is a decreasing function. Therefore, we can find sequence of random variables

{T'"} that satisfies the compact containment condition such that
Z1 (0] < T+ X7 ()] + 1 X5 (1)) (4.168)

for all t € [0, L" //|NT]].

Observe that by definition of fluid and diffusion scalings and (4.70)-(4.73)

0+ X500 = 2"() - pu /O 27, (s)ds — iy /O (Z51(5) + Zga(s)) s, (4.169)

where z"(t) is defined by (4.114).

Using (4.169) and (4.168) we get for all t € [0,L"/+/|N"|
t
K71+ X5 ()] < |2 ()] + /0 (|X1)] + [ X5(9)| +17(5)) s

v [ (125060 + 25000 ds
<" ()] + /Ot (|X16)] + [ X505)] ) s + \/%mnzg(s) + 256

T

+ I,
|NT|'u1

By Gronwall’s inequality, see [51],

sup  {IXT(0)] + 151} <

o<t< L~
== VINT

L . ; L
2" (O _r_ 4+ —=== (m2llZ21(s) + Z2 ()| ) sy + 12T >eXP 111 :
< v N7 ( 21 22APJNLr [/INT| ) /INT]

Thus, || X" (t) ‘

satisfies the compact containment condition by (4.167) and (4.168).

L7/y/INT|
O
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Proposition 4.31. Under the assumptions of Proposition 4.28,

O, ygf o4 170l

satisfy the compact containment condition, where L is taken as in Proposition 4.28.

Proof. Assume that assumptions of Proposition 4.28 hold. We omit 7* from the notation

below for simplicity. Fix T > 0.

%i(t)| } 4.170
{leo],, ~ (4.170)
satisfies the compact containment condition by (4.167) and
Zi (1) } 4171
{lzo),., (4.171)

satisfies the compact containment condition by Proposition 4.30 and (4.167). Since
Z3(t) = X[ (1) — Qi(t) — 21, (t)
{ LT/\/IN TI}

satisfies the compact containment condition by Proposition 4.30, (4.170) and (4.171). Then,

{‘ L/\/INT| }

satisfies the compact containment condition by (4.167). Finally,

0L,

satisfies the compact containment condition by Proposition 4.30. O

A~

ZA0]

ZA0l

Qs (1)

Proposition 4.32. Under the assumptions of Proposition 4.28,

A L .
X' —=—=—]=X(0
() =0

as v — oo, where L is taken as in Proposition /.28
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Proof. Assume that assumptions of Proposition 4.28 hold. We omit 7* from the notation

below for simplicity. Fix T" > 0.

~ Lr “ . Lr . _ T R _ LT
() i - () s () s ()
( IN’“|> |NT| |NT| |NT|
L" L"
o [T 2y (s)ds = / T 23 (s)ds
0 0

AT’
+ L7 <|Nlr| — 1 — ,u23321ﬁ2> :

The first three terms on the RHS above go to zero in probability since A%(-), ST, (T7, (1)),

and S, (T3, () converge weakly to Brownian motions jointly. Also, since {||Zf1(s)\| Lr }
VINT|

LT

v

the second line goes to zero. The last term goes to zero by (4.72). Hence

. Lr .
Xl — | - X
‘ <¢|er> v

in probability as r — oco. We get the desired result by (4.74) and Theorem 4.1 in Billings-

and {HZ&(S)H L } satisfy the compact containment condition, and — 0, terms in

,
VINT]

ley [11]. O

Proposition 4.33. Under the assumptions of Proposition 4.28, {HX"(t)HT} satisfies the

compact containment condition.

Proof. Assume that assumptions of Proposition 4.28 hold. We omit 7* from the notation
below for simplicity. Fix 7" > 0.

Recall that x(t;s) = x(t) — x(s) for a process x. By definition of fluid and diffusion
scalings and (4.70)-(4.73)

0+ x50 = X7 <¢%)+X2 (ﬁ% (t; J‘LN_‘)

o /ty 27,(s)ds — o /tm (Z(5) + Zga(s)) ds. - (4.172)

VINT| VINT]
where z"(t) is defined by (4.114). Recall that

yt)=y" (t + L)
- VINT|
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for a sequence of processes {y"(-)}. For notational convenience we set

r_p_ L
T =T \/W
Choose €] (t), for i = 1,2 such that
23,(t) + Zy(0) = a0 (X1, + | X3, +1) (4.173)

Zh) = - (K10 + %0) +a0 (X0, +| 20|, +1) @

for all ¢t € [ ‘L]:[T ,T] . Note that, by Corollary 4.29, for i = 1,2

E

l&; (O)]lrr — 0 (4.175)

in probability as 7 — co. Let

€T = A1 2 ;
VINT] VINT] VINT]
Using (4.172), (4.173) and (4.174) we get

t
KO+ 1G50] < FO+m [
VINT|

+ (mlE Ol + males®llre ) (1K@l + 1 X5 @)l +1) T

< wolrm [, (%) +[ge)])

VINT]

+ (mlg®lr + palies@® ) (1K Ol + 1 X5 @l +1) T

ds

(Xi(s) + X3(5))

By Gronwall’s inequality, see [51],

swp {IX{(0)]+ %50} <

(1@l + (il @llr + nalsllr) (KL + 133Ol +1) 7) explpnT)

Since

si {IXT(0)]+ X501} = 05 (X5l + 1X5(0) )

LT _<4<T
INT[ =

we have

(0.5 = (mleg@llr + p2lles(®) 7)) TexplmT}) (IXL (Ol + 1 X5 Ol ) <

(1 @l + (s lEg @l + palles(®)llr ) T ) exp{mT}
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By (4.175), for arbitrary € > 0 we can choose R large enough so that, for r > ro(e, R)

1/4

— <e€e/d and
TGXP{MT}} /

P{mui(t)HT g (0)lr >

Similary, by (4.114), Proposition 4.23, Proposition 4.30, we have for r > r(e, R) that
PAlE"(@)||r exp{T} > (R —1)/4} < e/4.
Hence, for r > ro(e, R) V r1(€, R)
PLIXI Ol + 1X50llre > R} < e.
Combining this with Proposition 4.30 gives the desired result. O

Proof of Proposition 4.24. We proved part (i) in Proposition 4.31, part (ii) in Proposi-

tion 4.32. Part (iii) follows from Propositions 4.28 and 4.33 and Remark 3.3. O

4.3 Open problems from the literature

In this section we illustrate two applications of Theorem 3.4 in a V-model parallel server
system that is studied in Armony and Maglaras [3] and Milner and Olsen [53]. A V-model
consists of a single server pool and multiple customer classes. We will focus on the case
with two customer classes and assume that service rates of the customer classes are equal.

A V-model parallel server system is illustrated in Figure 6.

Figure 6: A V-model parallel server system
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4.3.1 Armony-Maglaras threshold policy

Armony and Maglaras [3] uses a V-model system to study a contact center with two chan-
nels, one for real-time telephone service, and another for a postponed call-back service
offered with a guarantee on the maximum delay until a reply is received. We assume that
the second customer class consists of those customers who call for the call-back option.
Armony and Maglaras [3] proposed the following policy.
Threshold Rule. If Q2(t) > \/WH, give priority to class 2, otherwise give priority
to class 1.

Let

g
VINT]

We assume that the arrival rates for each customer class is given according to

AT = [N |p(1 -

). (4.176)

A=\ and Ay = (1 — 1)\ (4.177)
for some 7 € (0,1). Let
X7(t) = Qi) + Q5(0) + Z01(0) + Zi (1) (4.179)
We assume that
(@(0), 27(0)) = (Q(0), Q) (4.179)

By Theorem 2 in Halfin and Whitt [32], X converges weakly to a diffusion process X as
r — 00.

We show that the following SSC collapse result, Proposition 3.1 in Armony and Maglaras [3],
holds.

Proposition 4.34. Let {X"} be a sequence of V-parallel server system processes working

under the Armony-Maglaras threshold policy. Assume that (4.179) holds and

(Q1(0), Q5(0)) = ((X(0) — 6)*, (X (0)" A §)) (4.180)

N3

asr — oo. Then
(@Q1(),Q5()) = ((X(-) = 0" (X()T A 0))
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asr — oQ.

The proof presented in Armony and Maglaras [3] contains a step that cannot be rigor-
ously proved, see inequality (29) in that paper. In this study, we will present an alternative
proof using Theroem 3.4. Using Proposition 4.34 one can prove the asymptotic optimality

of the threshold policy, see Proposition 3.4 in Armony and Maglaras [3].
4.8.1.1 Analysis of Armony-Maglaras threshold policy

Let {X"} be a sequence of V-systems working under the Armony-Maglaras threshold policy.
We start our analysis by presenting the additional equations that must be satisfied by X".

Since class 2 jobs get priority when the number of class 2 jobs in the queue exceeds

VINTIO,

Bi,(t) + A7, (t) can only increase when Q2(t)" < /|NT|6. (4.181)
Also
B3, (t) can only increase when Qa(t)" > /| N"|6. (4.182)

The following proposition characterizes the fluid limits of the V-parallel server systems

working under the Armony-Maglaras threshold policy.

Proposition 4.35. Let {X"} be a sequence of V-parallel server system processes working
under the Armony-Maglaras threshold policy. Assume that the conditions of Theorem A.1

are satisfied.

i. In addition to the fluid limit equations (A.2)-(A.9), each fluid limit X of X" satisfies

An(t) + Bu(t) = 0 when Qa(t) > 0,

ii. Let ¢, = (q1,q2), where g1 =r >0 and g3 = 0 and z = {z11, 212}, where z1; = % for
i=1,2. Then, M = {(q,z) : r > 0} is the set of all the invariant states of the fluid

limits of X".
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Proof is placed in Section 4.3.1.2.
By (4.179),

(Q"(0),27(0)) = (0,2)), (4.183)

where z = (A1 /1, A2/ p2), hence X" satisfies Assumption 2. Note that, X" satisfies Assump-
tion 1 by (4.176) and (4.177).

We prove the SSC result using Theorem 3.7. Therefore, we next show that Assumption 6

holds. The following result is established by Halfin and Whitt [32].

Theorem 4.36. Let {X"} be a sequence of V-parallel server system processes working under

the Armony-Maglaras threshold policy and X" be defined as in (4.178). If (4.179) holds then
X'() = X()

where

t

X(0) = X0+ W)~ ot~ u [ (X(5)"ds
0

and W is a Borwnian motion with sero drift and variance 2.

It can be easily showed using Theorem 4.36 that

lim lim P{HX’T’(t)HT > R} ~0. (4.184)

R—oor—00

Next, we show that Assumption 6 holds using this result.

Proposition 4.37. Let {X"} be a sequence of V-parallel server system processes working

under the Armony-Maglaras threshold policy.

i (Jero 0], > ) <o, e

i.e., {X"} satisfies Assumption 6.

A proof is presented in Section 4.3.1.2.
Now we define the SSC function for this setting. Let ¢ = (q1,¢2) € R?, z = (21, 22) € R?,

T =q1+qa+ 21+ 22 and ¢ : R* — R be defined by
9(g:2) =q — (z - 0)"

Clearly |g| is continuous but it does not satisfy (3.10). Therefore, we use Theorem 3.7.
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Proof of Proposition 4.34. Let {X"} be a sequence of V-parallel server system processes
working under the Armony-Maglaras threshold policy. Assume that (4.176), (4.177), (4.179)
and (4.180) holds.

From the results above and definition of g in order to invoke Theorem 3.7 it is enough
to show that Assumption 7 holds.

We first establish the additional hydrodynamic equations that must be satisfied by {X"}.

First note that, by (4.181) and (4.182)

Bi;(t) + A7, (t) can only increase when

and
B, (t) can only increase when g (Qr(t), Zr(t)) =QI(t)— (X"(t) —0)t <0, (4.187)
since, if Q%(t) > (X" (t) —0)*, then X" (t) = Q' (t) + Q5(t), because the policy is non-idling.
Therefore, Q5(t) < 6 in this case. Similary, if Q}(t) < (X"(t) — 6)* and Q5(t) > 0, then
Q5(t) > 0.
Equations (4.186) and (4.187) imply that
Bi"(t) + A7y (t) can only increase when

g ( o Q"™ (¢), Z“m(t))> > 0 and (4.188)

B3"(t) can only increase when g < ETVT\ Q"™ (t), Z’"vm(t))> <0, (4.189)

where the hydrodynamic scaled process X™™ is defined by (3.24).
Fix R > 0 and T > 0 and let A"(T) be defined as in (3.19). Let X be a hydrody-
namic limit on Al (T). Recall that we have showed that X satisfies (3.1)-(3.8). We next

characterize the additional equations associated with the policy. We claim that

Biy(t) = i when g (R (Q(t), Z(t))) >0 and Q;(t) > 0 (4.190)

Bia(t) = pu when g <R (Q(t), Z(t))) <0 and Qs(t) > 0. (4.191)
To show this assume that

g <R (@(t), Z(t))) > 2¢ and Q1 (1) > 2¢ (4.192)
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for some € > 0. By continuity of g and X there exists § > 0 such that
g (R (@(S),Z(S)>> > e and Q(s) > ¢

for all s € [t — 6,t + 0].

Pick r large enough together with an integer m and w € A"(T') so that
IX(t) = X" (1)) < e/2.
This gives that
g (R(Q"™(s), Z"™(s))) > €/2 and Q1™ (s) > €/2,
since % = R on A"(T). By (4.188)
Biy"(t +9) — Bjy"(t — 0) =0,
and so
Bia(t) =0,

Now, by (3.5)

Zia(t) = —(1 — p)p and

Zu(t) = Bu(t) — pmp.
Equations (3.5), (3.8) and (4.192) give that
Zu(t) + Zu(t) = 0.
Hence
éll(t) = l.

Condition (4.191) is proved similarly.

Next we prove that

Zlo (@ 0.2 ) <0 (4.193)



~

for every regular point ¢ of |g| whenever |g ( Q" (%), Zr(t)) | > 0.
Let X;(t) = Q;(t) + Z1;(t) and X (t) = X1 (t) + Xo(t). Then, by (3.5) and (3.5), X;(t) =

X;(0) for all t > 0, hence
X(t) =0 for all ¢ > 0. (4.194)
First assume that ¢ <R (Q(t), Z(t))) > 0. Then, by (4.190)
Qi(t) =AM —p=—(1—-n)t.

Hence,

n (R <Q(t), Z(t))) — RO\(t) — %(RX(t) o)t =—(1-)t.

by (4.194).

Similarly, if ¢; (R <C~2(t), Z(t))) < 0 then
i (R(QW.20))) = Q) =t
This proves (4.193). By (4.193) Assumption 7 holds and this completes the proof. O

4.8.1.2  Proofs of Propositions 4.35 and 4.37

Proof of Proposition 4.35. We prove the proposition in two parts.

i. Let X be a fluid limit and for notational convenience assume that {X"(-,w)}, for some
w € A, where A is defined as in proof of Theorem A.1 that satisfies (A.14), converges u.o.c.
to X. Assume that Qy(t) > 0.

By the continuity of @ there exists ¢ > 0 and § > 0 such that Qa(s) > & for all
s € [t—4,t+9]. Since {X"(-,w)} converges u.o.c. to X, Q4(s) > ¢/4 for all s € [t — 6, + §]

and r large enough. Hence, A7, (-,w) and B{;(-,w) are flat on [t — ¢, ¢+ 0] by (4.181). Hence
Ay (t) + By (t) = 0. (4.195)

ii. Fix (¢.,z) € M. We show that if Q(0) = ¢, and Z(0) = z then Q(t) = ¢ and

Z(t) = z for all t > 0. So assume that Q(0) = ¢, and Z(0) = z for a fluid model solution.
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We start by showing that Z15(t) > z12. Let f1(t) = (Z12(t) —212) . It is enough to show,
by virtue of Lemma 5.2 of Dai [18], that fi(t) < 0 whenever f(t) > 0 for a regular point
t > 0. Assume that f; is differentiable at time ¢ > 0 and that fi(t) > 0, i.e., Z12(t) < 212.

Note that by (A.4),
212(t) = §12(t) + 121212@) — 12 Z12(t).

It Qo(t) > 0, then by (4.195) , (A.4) and (A.8), Apia(t) + Bua(t) = Dy (t) + Dia(t) =
p1Z11(t) + 2 Zo1 (). Also Qo(t) > 0 implies Z11(t) + Z12(t) = 1, by (A.6). Hence, ;1212(15) +
élg(t) > p12Z12(t), which implies Zlg(t) > 0 and fi(t) < 0. If Qx(t) = 0, then we claim
that ;1212(15) + é12(t) = Xo. If Z11(t) + Z12(t) < 1, this trivially follows from (A.6). If
Z11(t) + Z12(t) = 1 then we use the fact that @g(t) = 0, since it achieves its minimum at
t. This implies by (A.3) that flglg (t) + Elg(t) = A\y. Hence, if Q2(t) = 0 and Z15(t) < 219,
then fl(t) < 0. Hence, if Z12(0) > 215 then Z15(t) > 212 for all t > 0.

Next, we show that if Q2(0) = 0 and Z12(0) > 212 then Q2(t) = 0 and Z12(t) > 212 for
all t > 0. Assume that Q2(0) = 0 and Z12(0) > z12 and that Q2(t) > 0. By the previous
argument we have that Z12(t) > 212. By (A.3) and (A.4), @g(t)+212(t) <A\ —p12Z12(t) <
0. By (4.195), Zlg(t) > 0 when Q3(t) > 0. Hence, if Q(t) > 0 and it is differentiable at
t > 0 then Q(t) < 0. Hence, if Q2(0) = 0 and Z12(0) > 212 then Qa(t) = 0 and Z15(t) > 212
for all t > 0.

Now we are ready to show that if Q2(0) = 0 and Z12(0) = 212 then Q2(t) = 0 and
Z19(t) = 210 for all t > 0. Assume that Q2(0) = 0, Z12(0) = 212, and Z12(t) > 212 for a
regular point ¢t > 0. By the previous paragraph Qs(t) = 0, hence @g(t) = 0 by a similar
argument above. If Z11(t) + Z12(t) = 1, 21212 (t) + Elg(t) = A1 by the fact that @g(t) =0,
and by equations (A.2) and (A.3). If Zi1(t) + Zia(t) < 1, then Aoio(t) + Bra(t) = M\
by (A.2),(A.3), (A.5), and (A.9). Since Ziap(t) = Azia(t) + Bia(t) — mi2Zia(t), by (A.),
Zlg(t) < 0if Z1a(t) > z12. Hence, if Q2(0) = 0 and Z15(0) = z12 then Qo(t) = 0 and
Z15(t) = 212 for all t > 0.

Next we show that if Q2(0) = 0, Z12(0) = z12, and Z11(t) = 211 then Qa(t) = 0,

Z19(t) = z12, and Z11(t) = 21 for all t > 0. Let t > 0 be a regular point. By the
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arguments above, we have that Q2(t) = 0 and Z13(t) = z12. Hence, Z11(t) < z11 by the
definition of the fluid scaling. So assume that Z11(t) < z11. This implies Q11(¢) = 0. Hence,
glll(t)—i—éll(t) = A1. This gives that le(t) > 0, since le(t) = 14;1111(t)+§11(t)—,u11211(t).

Finally, we show that if Q2(0) = 0, Z12(0) = 212, Q1(0) = r, and Z11(0) = z1; then
Qa(t) = 0, Z12(t) = z12, Q1(t) = r, and Z11(t) = 211 for all t > 0. Let t > 0 be
a regular point. By the arguments above, we have that Qo(t) = 0, Z12(t) = z12, and
Z11(t) = z11. Assume that Q1(t) > r. Then @1(t) = zé;lll(t) - éll(t) = 0, since by (A.2)
x‘i11(75) + zjhn(t) = A1 and by (A.4) z‘inl(t) + éll(t) = p11z11 = A1, when Z31(t) = 211,

212(75) = Z12, and ng(t) = 0. O

Proof of Proposition 4.37. Proofis similar to that of Lemma 3.2 of Puhalskii and Reiman [56].

Let

X,:(t) _ QZ(t) + Z{k(@[:’ IN"| A/ 1 (4.196)

for k =1,2. We claim that
7T T T +
Zi 0] < IXE0)]+ (X70) (4.197)

To prove this assume that Z7, (t) < 0, otherwise the result is obvious. If Z], (t) + Z,(t) < 0,
then Q}(t) = 0 so the result follows. Assume that Z],(t) + Zjy(t) = 0. Without loss of
generality we can assume that k = 1 . Since ZJ,(t) < 0, Zi,(t) = —Z7,(t) and Q5(t) > 0,
so (4.197) follows.

By (4.196), for k = 1,2

- . AT (1) — At . Sk (]N"\ fg Z{k(s)ds> t_
Xi() = Xp(0)+ (W) — VINT| INT| —Mlk/o Z11,(s)ds

T t .
+V/|NTJt <|Nk"| —)\k> —,ulk/ Z1(s)ds.
0

Let
r t 7y
) AT =Mt Sie (IN7] fi Z5()ds) .
Ap(t) = === and Sj(t) = VINT —,U/erds
Note that

AL () = W2(-) and Si(t) = Wi() (4.198)
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as r — oo by Proposition 4.35, (4.183), and Donsker’s Theorem, see Billingsley [11], where
W§ and W,? are Brownians motion with zero drift and variance \j.

Now observe that

XTI+ 1X50)] < 1X7(0)] + | X5(0)] + ‘fl?(t) + gf(t)( +

Ay () + S3(0)
o[ (1206 +1Z6)) ds

< 1K1+ 1X50)] + 41| + |4500)] + 8

$1(t)] +

(1)

L3 /0 (IX7(3)| + X5 (s)]) ds,

where the last inequality follows from (4.197). This with Gronwall’s inequality and (4.198)

gives
{0, o], > ) o
This gives (4.185) since Q7 (t) > 0 for all ¢ >0, 7 > 0, and k = 1,2. O

4.3.2 Milner-Olsen threshold policy

In Milner and Olsen [53], a call center with contract and non-contract customers is studied.
The first customer class consist of those customers under contract who are given a guarantee
for the percentile of delay. The second customer class is not given a guarantee on the service
level. In the model studied in Armony and Maglaras [3], the service level guarantee for the
second customer class is based on the waiting time not the percentile of the delay. We again
assume that (4.176),(4.177) and (4.179) hold.

The following policy is proposed by Milner and Olsen [53] and they conjecture that it
satisfies the service level guarantee for the first customer class and minimize the expected
waiting time of the customers in the second class.

Milner-Olsen Policy: Let 0 < Q; < Q. When a server becomes available if Q7 <
Q1(t) and Q7 (t) + Qb(t) < Qp then class 1 customers are served if available, otherwise
class 2 customers (if any) are served. However, if when a server becomes available either
Q{(t) <Qr, Q{(t) + Qg(t) <Qy, or Q{(t) + Qg(t) > Qy then class 2 customers are served,

if possible, otherwise class 1 customers (if any) are routed to the free server.
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The Milner-Olsen policy can also be defined as follows. Let ¢ = (q1,¢2) € R?, z =

(21,22) € R?, Q = q1 + q2 and g1 : R* — R be defined by

Q ifQ<Qr
a(@Q)=1¢ QL ifQL<Q<Qp
Q fQr<Q

~

Then, if Q7(t) > g1(Q}(t) + Qh(t)) give priority to class 1 customers otherwise class 2
customers get priority.
As in the previous section, by Theorem 2 in Halfin and Whitt [32], X converges weakly

to a diffusion process X as r — oo if X "(0) converges weakly, see Theorem 4.36. Let

Q1(t) = g1(X(t)).

We claim Q; is not in DJ[0,00). To see this assume that X (0) = Q. Then, on any finite
interval [0, 7], X (0) — Qu changes sign infinitely many times with positive probability,
see Section 3.5.C and Problem 2.7.8 in Karatzas and Shreve [43]. Hence, Q; has no right
limit at 0. Therefore, in order to study the convergence of Q'{ to Ql a broader space than
DJ0, 00) must be considered with an appropriate metric. Instead, we study another policy
to approximate the performance of the policy proposed by Milner and Olsen which ensures

that Q; € D[0,c0).

We define a new function gf for € > 0 as follows.

(@ it Q(t) < Qr

£(Q) = Qr fQr<Q<Qu—ce
Qr+99(Q - Qu+e) fQu-e<Q<Q
L@ ifQrL<Q

We define a new policy using gf as follows. Let
9(q,2) = 1 — 91(Q).

If Q’l"(t) > gf(@r(t), Z "(t)) > 0 give priority to class 1 customers otherwise give priority to

class 2 customers. We call this policy the Milner-Olsen® threshold policy.
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Figure 7: Graph of g;
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Figure 8: Graph of gf
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Figure 4.3.2 shows @ versus ¢(@) and Figure 4.3.2 shows @ versus ¢{(Q). Clearly, ¢
is not continuous but ¢$(Q) is. We show that by continuity of ¢ Qi is in D[0, c0).

We will prove the following state space collapse result using Theroem 3.4.

Proposition 4.38. Let {X"} be a sequence of V-parallel server system processes working

under the Milner-Olsen threshold policy. Assume that

(Q3(0),Q5(0)) = (95 (Qu(0) + Q2(0)) , Q1(0) + Q2(0) — g5 (Q1(0) + Q2(0) ))

asr — oo. Then

asTr — oQ.

Remark 4.39. It can be shown that; see Corollary 2 in Halfin and Whitt [32], for every

n > 0, there exists ¢ > 0 such that

P{g1(Q®) - i (@) >0} <n.
4.8.2.1 Analysis of Milner-Olsen® threshold policy

Let {X"} be a sequence of V-systems working under the Milner-Olsen® threshold policy. We
start our analysis by presenting the additional equations that must be satisfied by X".

According to the Milner-Olsen® policy for all s <t

Bii(t) = Bii(s) = D11 (t) + Dia(t) — Dii(s) — Dia(s)

if ¢ (Q’“(u), Z”“(u)) > 0 for all u € [s,1] (4.199)
and

B3:1(t) = Bai(s) = D11 (t) + Doy (1) — Dia(s) + Dy (s)

if ¢ (Q’“(u), Z”“(u)) <0 for all u € [s,1]. (4.200)

The following proposition characterizes the fluid limits of V-parallel server systems working

under the Milner-Olsen® threshold policy.
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Proposition 4.40. Let {X"} be a sequence of V-parallel server system processes working
under the Milner-Olsen® threshold policy. Assume that the conditions of Theorem A.1 are

satisfied.

i. In addition to the fluid limit equations (A.2)-(A.9), each fluid limit X of X" satisfies
B (t) = 0 if Qu(t) + Q2(t) > 0,

ii. Let ¢, = (q1,q2), where g1 =r >0 and qo = 0 and z = {z11, 212}, where z1; = % for
i=1,2. Then, M = {(qy,z) : r > 0} is the set of all the invariant states of the fluid

limits of X".

The proof is similar to that of Proposition 4.35 hence it is omitted.

By (4.179),
(Q"(0),27(0)) = (0,2)),

where z = (A\1/p1, A2/ p2), hence X" satisfies Assumption 2. Note that, X" satisfies Assump-
tion 1 by (4.176) and (4.177).

We again prove the SSC result using Theorem 3.7. Therefore, we next show that As-
sumption 6 holds. We first note that the Milner-Olsen® threshold policy is non-idling. There-
fore, the results of Theorem 4.36 and (4.184) hold for X" in the current model too. Using
these results we can also show that Proposition 4.37 also holds under the Milner-Olsen®

threshold policy. Now we are ready to prove Proposition 4.38.

Proof of Proposition 4.38. Let {X"} be a sequence of V-parallel server system processes
working under the Milner-Olsen® threshold policy.

We define the SSC function for this model by |g¢|(-) = ¢¢(:). Note that |g¢| is continuous.
Therefore, it satisfies Assumption 5. Also, X" satisfies Assumption 1 by (4.176) and (4.177).
Also, by Proposition 4.40 Assumption 2 holds. In addition, {X"} satisfies Assumption 6 by
Proposition 4.37. Therefore, it remains to check that {X"} satisfies Assumption 7.

First we establish the hydrodynamic limits. Equations (4.199) and (4.200) imply that,
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for all s <¢

B1"(t) — By{"(s) = D" (t) + D" (t) — D" (s) + D1y (s)

if ¢ < rj:f:i <Qrm(u), Zrm(u)>> > 0 for all u € [s,t] (4.201)

12(t) = Bia(s) = D11(t) + Dia(t) — D11(s) + Dia(s)

if g ( E:,;r] <Qrm(u), Zrm(u)>> <0 for all u € [s,t] (4.202)

where the hydrodynamic scaled process X" is defined by (3.24).
Fix R > 0 and T > 0 and let A"(T) be defined as in (3.19). Let X be a hydrody-
namic limit on Al (7). Recall that we have showed that X satisfies (3.1)-(3.8). We next

characterize the additional equations associated with the policy. We claim that

Bii(t) = u when ¢ (R <Q(t), Z(t))) >0 (4.203)

élg(t) = u when ¢° (R <Q(t), Z(t))) <0 and . (4.204)

To see this assume that

g (R(QW.20)) < -2
for some 1 > 0. By continuity of ¢¢ and X there exists § > 0 such that
g (R(Qs),2(5))) < —n

for all s € [t — 4,t + 0].

Pick r large enough together with an integer m and w € A"(T') so that
IX() = X" (1)) < e/2.
This gives that
g- (R(Q"™(s), 2""(s))) < —n/2,
since % = R on A"(T). By (4.201)

Byy"(t+0) — Byy"(t — d) =0,
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and so
Bis(t) =0,
Now, by (3.5)

Z1a(t) = —(1 — n)u and

Zu(t) = Bu(t) - pmp.
Equations (3.5), (3.8) and (4.192) give that
Zu(t) + Zn(t) = 0.
Hence
Bu(t) = .

Condition (4.204) is proved similarly.

Next we prove that
41 (@@, 27®) <0 (4.205)
dt ’

whenever |¢| (Qr(t), Zr(t)> | > 0. We first note that (4.194) also holds for this case.
First assume that ¢° (R (Q(t), Z(t))) < 0. Then, by (4.203)

Qi(t) =M —p=—(1-n)t

Hence,

by (4.194).

Similarly, if ¢ (R (Q(t), Z(t))) > 0 then
i (R(Q0.2())) = i) = —n.

This proves (4.205). By (4.205) Assumption 7 holds and this completes the proof. O
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CHAPTER V

CONCLUSIONS

In this thesis, we focused on the asymptotic analysis of parallel server systems under the
Halfin-Whitt regime. Parallel server systems we studied are quite general and can be used
to analyze systems with many servers that are especially seen in the service sector.

The main contribution of this study is two-fold; (i) we take the first step to establish
a general theory to validate many-server approximations and establish a framework for
showing SSC results that should facilitate the asymptotic analysis of multiclass parallel
server systems and (ii) we prove new SSC results for three parallel server systems.

Before studying many-server diffusion limits of parallel server systems, we first formu-
lated the many-server heavy traffic regime using a static planning problem (SPP) similar
to that in Harrison [35]. Using this formulation we found the optimal allocation of servers’
capacities to customer classes. We also provided a basic result based on fluid limits to check
if allocations under a policy is in accordance with the solution of that SPP. We focused our
attention to those policies whose allocations are optimal in this sense. Using these alloca-
tions, we also were able to define a general diffusion scaling under which meaningful limits
can be obtained.

Once we set the background for more detailed diffusion analysis, we provided a neces-
sary condition for a multiplicative SSC result to hold in the diffusion limits. This necessary
condition is related to the hydrodynamic limits. Hydrodynamic limits have similar prop-
erties to the fluid limits but they are different. Most importantly, they are deterministic
and almost everywhere differentiable. These properties enable one to check whether the
necessary condition for a SSC holds in a straightforward manner. We also provided two
extensions to our main result. These extensions involve relaxing the homogeneity condition

on the space collapse function.
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SSC results play an important role in establishing diffusion limits both under the con-
ventional heavy traffic and the Halfin-Whitt many-server diffusion limits. We illustrate
the application of our results in three different systems and prove several SSC results. To
the best of our knowledge, these results are new and our framework made the asymptotic
analysis of these systems possible.

We first focus on a distributed parallel server system operating under two different
policies; MED-FSF and MED-LB policies. We proves that the MED-FSF policy is asymp-
totically optimal in the sense that it stochastically minimizes the stationary distribution
of the number of customers in the system and the stationary probability that a customer
gets delayed in the queue. However, all the servers in our distributed system except those
with the lowest service rate experience 100% utilization. Under the MED-LB policy, on the
other hand, the utilizations of all the server pools are equal. We also showed that under
both policies the system performs as well as a corresponding single queue system.

The second system we consider is known as the N-system. These systems have been
extensively studied in the literature under the conventional heavy traffic and served as a
stepping stone for the analysis of more general parallel server systems. We showed that
when the service times only depend on the server pool providing service a static priority
rule is asymptotically optimal in an N-system. The optimality is in terms of stochastically
minimizing linear holding costs during a finite time interval.

Finally, we study two results conjectured in the literature for V-systems. First, we prove
a state space collapse result conjectured in Armony and Maglaras [3]. Then, we propose a
policy whose asymptotic performance is arbitrarily close to the conjectured performance of
the policy proposed by Milner and Olsen [53] and prove a state space collapse result under
this policy.

The results presented in this thesis can be extended in several directions. The conditions
for a SSC result we provided here are only sufficient. It is important to establish necessary
and sufficient conditions for a SSC result. Another direction that will be explored in the
future is to establish a deterministic relationship between waiting times and queue lengths.

Distribution of waiting times are commonly used to measure the performance of service
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systems. However, in many-server diffusion analysis, queue length processes are easier to
analyze than waiting time processes. Also, we provided a necessary condition only for a
multiplicative SSC result. Generally, a strong SSC result is needed in diffusion analysis.
Sufficient conditions for a policy to satisfy the compact containment condition will also help
facilitate the many-server diffusion analysis.

In our analysis of DPS systems, we assumed that all the server pools are large. A current
trend in call center industry is to employ agents working from home. In one extreme case,
a DPS system becomes totally distributed in the sense that as the number of servers go to
infinity so does the number of queues that customers are routed to. In this case we believe
that more sophisticated load balancing policies, which involve periodic load balancing, would
be needed. The systems that fall in between these two extreme cases are also of practical
importance.

We showed that a static priority policy is asymptotically optimal for N-systems that
satisfy certain conditions. However, this analysis can be extended to other N-systems as
long as service rates only depend on the server pool providing the service. Also, when service
rates of two customer classes from the second server pool only differ by a “reasonable”
amount, the “perturbation approach” in Maglaras and Zeevi [48] can be used to provide
close approximations for the system performance.

Extending our optimality result to more general parallel server system is another im-
portant extension and is currently being pursued. Another interesting direction that could
be explored is to establish necessary condition for the stability of a static priority policy
when the number of servers is fixed. This would be important in applications as to see for

what utilization levels a threshold value should be used.
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APPENDIX A

FLUID LIMITS OF PARALLEL SERVER SYSTEMS

In this chapter we study the fluid limits and present the fluid model equations of parallel
server systems. We establish a general framework that can be used to check if Assumption 2
is satisfied by a control policy.

Let {X”} be a sequence of 7 parallel server system processes and
XC(t) = XL ()/N". (A1)

We call this scaling the fluid scaling and X” the fluid scaled process. X, is called a fluid
limit of {X7} if there exists an w €  and a sequence {r;} with r, — oo as | — oo, such
that X7!(-,w) converges u.o.c. to X, as [ — oo. The following theorem is analogous to

Theorem 4.1 in Dai [18].

Theorem A.1. Let {XI} be a sequence of m parallel server system processes. Assume that
(2.18) and (2.19) hold and {Q"(0)} is bounded a.s. as r — oo. Then, {XL} is a.s. pre-

compact in the Skorohod space ]Dd[O, 00) endowed with the w.o.c. topology. Thus, the fluid
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limits exist and each fluid limit, X, of {X;} satisfies the following equations for all t > 0.

Ait = D peic Aik(t) + Dpex 2 jerwy Aigr(t), for alli € I, (A.2)

Qu(t) = Qu(0) + Yoz Aunlt) = ey B(t), for all ke € K, (A.3)

Zik(t) = Zjk(0) + ez Aiji(t) + Bik(t) — pjxTjr(t), for all j € J and k € K(j)(A.4)
— [1 Z;(s)ds, for all j € T and k € K(j), (A.5)

Ox(t) (zje 70 (ﬁj — iext Zjl(t))) —0, forallk ek, (A.6)

Yi(t) = Bjt = Ypercy) Ti(t), for all j € T, (A7)

Jo Shexyy Qi(s)dY;(s) =0, forall j € J, (A.8)

TS ies (5]- ~ Yiexy) Zﬂ(s)) ddy(s) =0, forallie T andk €K (A.9)

A, Ay, As, T,Y, and B are nondecreasing, (A.10)

Q(t) > 0,Zj(t) >0, and Dkek () Zip(t) < B, forall j € J and k € K(j). (A.11)

Definition A.2. We call the vector (g, z) a steady state of the fluid limits if for any fluid

limit X, Q(0) = ¢ and Z(0) = z implies Q(t) = ¢ and Z(t) = z for all ¢t > 0.

We denote the set of all the steady states of the fluid limits of {X7} by M. The

following result presents a condition that is equivalent to Assumption 2.

Lemma A.3. Let {X]} be a sequence of ™ parallel server system processes that satisfies the
conditions of Theorem A.1 and Assumption 1. A control policy w satisfies Assumption 2 if

and only if (0,2) € My, where zj, = ﬂjazj—k and z* is given as in Assumption 1.

Proof. Assume that 7 satisfies Assumption 2 and that (Q"(0)/N",Z"(0)/N") — (0,z) a.s
as r — oo. By (2.22), (A.4), and (A.5)

Z Z ZAUk +Z Z Bj(t) Z Z 1k Tt (A.12)

ke jeJ (k) €L kek jeT (k) kek jeJ (k)

By (A.2)

DAt => D "Ax®)+ > >0 Y Ay(d). (A.13)
)

i€l 1€ kek 1€l keK jeJ(k
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By Assumption 1, 3 ez A = D i 2jern) HikBi®j,t- This combined with (A.12) and

(A.13) implies that

Hence, by (A.3)
D QM) =D QrO)+ D Y Aw(t) = > > Bult) =Y Qw(0) =0.
kek kek kek i€ keK jeT (k) kek
Thus, (0,2) € M.
Now assume that (0,z) € M, and that (Q"(0)/N",Z"(0)/N") — (0, z) a.s. as r — 0.
Then, by (A.5), T%,(t) = B2t for all t > 0.
U

Proof of Theorem A.1. Assume that (2.18) and (2.19) hold. Let A C € be such that

{Q7(0)} is bounded and the following FSLLN holds,

E(NT".)
NT

Sjk(N")
N’f‘

— v(-) and — aji(-) uwo.c. (A.14)

as r — oo, where a;i(t) = pjit, for all j € J,k € K(j), and v(t) = te, where e is the
I-dimensional row vector of ones. Note that we can take P(A) =1 from (2.13).

Consider a sequence of numbers which we again denote, with a slight abuse of notation,
by {r}. We show that {X"(-,w)} has a convergent subsequence, for all w € A. We fix w € A
for the rest of the proof.

Observe that

TT(tQ,w) TT(tl,w)
N T N | S |ta — t1],

for all 0 < t; < to. Hence, {T"(-,w)} is tight; there exists a subsequence {r;} such that

T"t(-,w) converges u.0.c. to some continuous function 7. Since, D;ﬁc(t) = =5k (N’"T;,i(t)) ,

D;}Q() converges w.0.c. to Dj(-), (A.15)

where Dji(t) = p;xT(t), by random time change theorem; see Theorem 5.3 in [15]. By

(A.14), A" (-,w) converges u.o.c. to A(t) = At, hence, it is pre-compact in D’[0,00). But,
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forall 0 <ty <ty and j € 7,
A;}i(t27w) - AZ]Z(“?"‘}) < A" (t27w) —Am (tla w)’

By Theorem 12.3 of Billingsley [11], this implies that {A}(-,w)} is also pre-compact. By
the same argument, so is {A;}k(-,w)}, forallieZ, ke K, and j € J(k).

Without loss of generality we can assume that
([17’1 ('7 w)v Al ('7 w)7 Al ('7 w)v D" ('7 w)7T” ('7 w)v Y ('7 w)) (A16)

converges u.0.c. as [ — 0o. We next show that B™ is pre-compact. Fix j € J, k € K(j),

and 0 < t; < ty. We omit w from the notation below. By (2.5), we have that

Bi(t) = Bji(t) < Y (Djult2) = Djpu(tr)) - (A17)
k' ek(5)
Since B]T}C is nondecreasing, again by Theorem 12.3 of Billingsley [11], (A.17) implies that
{Bﬁz(',w)} is pre-compact. This implies by (2.5) and (A.16) that {Zﬁz(,w)} is pre-
compact. Finally, combining these results with (2.4), we have that {Q;l(,w)} is pre-
compact. Thus, {X’"} has a convergent subsequence.

Next, we show that every fluid limit satisfies (A.2)-(A.9). Let X be a fluid limit and
for notational convenience assume that {X"(-,w)}, for some w € A, converges u.o.c. to
X. X satisfies (A.2) by (2.3), the convergence of A7(-,w) to A;(t) = M and the fact that
A%, (-,w) and flg‘jk(',w) are both convergent. Equation (A.3) is satisfied by X by (2.4) and
the convergence of Q"(0,w), flzj(-,w), and B;fk(-,w). Equation (A.4) follows from (A.15),
the convergence of Z;k(O,w), fl;’jk(',w), and B;k(-,w). Equation (A.5) follows from (2.8)
and the convergence of Z}-’k(',w) to Zji(-) w.o.c.

We next show that X satisfies (A.6). Fix t > 0. If Q(t) = 0, then (A.6) is satisfied
trivially, so assume that Q(t) > 0. By the continuity of Qy, there exist t > § > 0 and
e > 0 such that Qi (s) > ¢ for all s € [t — 6, +6]. Since Q) converges u.o.c. to Qy, for large

enough r

Qh(s,w) >¢e/4 forall s €[t —d,t+ ).
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By (2.10), this gives
NJT 7T
Z N Z G(s,w) | =0 forall s€[t—4t+4d]
JjeT (k) lek(j)
Using the fact that X" converges u.o.c. to X again, we have that
Z Bi — Z Zj(s) | =0 foralls€[t—d,t+ 4,
jeJ (k) lek(s)

thus proving (A.6). It can be shown similarly that X satisfies (A.8) and (A.9). O

Remark A.4. It follows from (A.2)-(A.5) and the proof of Theorem A.1 that each compo-
nent of X is Lipschitz continuous and so they are absolutely continuous and differentiable

almost everywhere with respect to the Lebesgue measure on [0, 00).
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APPENDIX B

EQUIVALENCE OF THE ORIGINAL AND PERTURBED
SYSTEMS

The key to the equivalence between the original and the perturbed systems is the assumption
of exponential service times. Without the memoryless property, the residual service times
would upset the equivalence we show in this appendix.

For notational simplicity we focus on systems with no routing. We assume that a type
i customer will be automatically routed to queue k at the time of his arrival. Therefore
I = K and we omit the subscript ¢ from the notation throughout this section. For the rest
of this section we fix a policy m. Recall that each policy is associated with a transaction
function f,. For simplicity, we assume that f; is a deterministic function, but it can be
taken as a random variable that is independent of {X(t) : ¢t > 0}.

The following result will be needed in the following sections.

Lemma B.1. Let (2, P, F) be a probability space and A, B,N € F with P(N') =0. Then
P(AIBUN) =P (A|B),
where
P(AB)P(B)=P(ANB).
Proof is elementary, hence omitted.

B.1 Piecewise-deterministic Markov processes

To prove the equivalence of the original system with the perturbed system we model
both systems as piecewise-deterministic Markov processes (PDP’s) that are introduced by
Davis [23]. Below, we give a brief overview of PDP’s. A thorough treatment of the subject

can be found in Davis [23].
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For our purposes, it is enough to define a PDP on a state space £ C RP partitioned
into a boundary Ej and interior F,. We let £ denote the Borel subsets of F, and we will
let P(E) be the space of probability measures on the measurable space (E,¢&), endowed
with the topology of weak convergence. Under suitable regularity conditions a PDP can be
uniquely determined by a vector field h : £ — RP, an intensity function A : £ — R, , and a
transition measure w : E — P(E).

Between jumps a PDP x(t) obeys dx(t)/dt = h(z(t)), and jumps occur at rate A\(x) when
the process is at state x, independently of the process history. If a jump occurs at = € E,
or the process reaches the boundary at x € Ejy, the process is transferred immediately to a
new state given randomly by probability measure w(dx|z). We assume that w(E,|z) = 1.
We use o, to denote the the nth jump time of the PDP process z(t).

Let N(t) = Y72, Ir;<¢- Under the assumption
E[N(t)] < oo for all ¢
it can be shown that {x(¢)} is a strong Markov process, see Davis [23]

B.2 Construction of parallel server systems

In this section we construct the processes associated with a parallel server system. Recall
that arrivals to class k are given by a renewal process Ej, and we assume that the interarrival
times of Ej are given by the i.i.d. sequence {ux(m): m =1,2,...} for each k € . We also
assume that ug(1) > 0 w.p. 1.

We also assume that a sequence of i.i.d. exponential random variables {v}(m) : m =
1,2,...} gives the service times, where v (m) is the service request for the mth class k
customer. We assume that customers already present in the system at time 0 are or-
dered in some manner, so if there are Z} (0) class k customers in the system at time 0,
(v,(1),...,v.(Z,(0))) gives the service times of these customers. The actual service time of
a customer naturally depends on the server pool handling his request. The service time of
the mth customer is given by v} (m)/p; i if he is handled by a server in pool j. We assume

that the service and interarrival times are independent.
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Let X'(t) = (Q'(t), Z'(t),b'(t)) denote the state of the system at time ¢, where Q" and
Z' have the same interpretations as before and 0'(t) = (b} (t),...,V(t)) with b (t) is the
remaining time before the next class k customer will arrive from outside at time t. We
assume for simplicity that bg(0) > 0 for k& # k’. Recall that, we use {o,} to denote the
increasing sequence of event times, either an arrival to or departure from the system.

Let ¥jxe(t) denote the remaining service time of the the class k customer being served
by the fth server among the servers who serve class k customers in server pool j at time ¢

for £ < Z7, (t). For notational simplicity we set

V(z) = {0,k 0):keK,jeTk),Led{l,.. ., zj}},

Vk/(z) = {(j, k'/,g) j S j(k),€ c {1,... ,ij}},

where z € N/*K 5o that if (j,k,1) € V(z) then 9jx(t) is a well defined random variable.

Recall that s,, = 0,, — 0,,_1, where o,, is defined in Chapter 2 and observer that
sy = min{b' (o), Vjke(00); V(4 k, £) € V(Z'(04))}-

We note that how the servers are indexed in a pool does not matter. However, once a
customer begins service with a particular server, he stays in service with the same server
until his service is completed. In particular, that server cannot switch to serving any new
arrival.

The following lemma uses our assumption that service times are independent and expo-

nentially distributed to show a parallel server system satisfies a Markov property.

Lemma 2. Letx = (q, 2,b), withq € NX, 2 e N/*K andb e Rf. The following statements

are true for each n.

(i) Only one of the following events may happen at time o, ; only one service completion

or arrival to one or more customer classes.

(i) Let tjpe > 0 and Do for (j,k,€) € V(2) be an exponential r.v. with rate iy, that are
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independent from {X(t) : t > 0}. Then
P {f)jké(a'n) > tjkg;V(j,k,g) S V(Z)‘X’(O’n) = LE} = H P{éjkg > tjkg}, (B 1
(4,k,0)€V (z)

for any nonempty V(z) C V(z).

Proof. We prove the result by induction. For n = 0, (7) holds since we assume that b (0) > 0
for all k € IC. The second result (i) holds since at time zero all the service times are assumed
to have exponential distribution. Assume that (i) and (é¢) hold for n.

Next we prove that (i) holds for n+1. By our induction argument the event(s) at time o,
is either a departure or one or more arrival events. Also, at time o, all the remaining service
times have exponential distribution by our induction argument. Therefore, the remaining
service times have a continuous distribution, and so the probability that either more than
one departure or a simultaneous departure and arrival occur at time 0,1 is 0. Hence, (i)
holds for n + 1.

Now, let z(m) = (q(m), z(m),b(m)), with ¢(m) € N¥, z(m) € N/*X_and b(m) € RE,

for m =1,2,.... For simplicity we take V(z) = V(z). Then

P {5ik0(0n11) > tixe; (G b 0) € V(z(n+ 1)) X (0ns1) = z(n + 1)}
- / P{tj1e(0ns1) > tines V(i k. €) € V(z(n + 1) X () = w(m)im = n,n + 1}
NE xNIXK x RE

dP {X'(on) = z(n)| X' (on41) =x(n+1)}.

Recall that we assume f; is a deterministic function. Assume that the event {X'(o,,) =
z(0pn), X (0n+1) = x(0n41)} is given so we know Zji(t) + Qp(t) at times o, and op41.
Therefore, we can determine w.p. 1 if an arrival to class k£ has happened or a class k
customer’s service is completed at time oy, 1.

Since at time 0,41, there is either a service completion or arrival events; either

gr(n+1) —I—Zka (n+1)=qr(n —I—Zka (B.2)
Jjex jex
for some k € K or
gr(n+1) —I—Zka (n+1)=qr(n —I—Zka (B.3)
Jjex jex
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for k € K C K.

Assume that (B.3) holds for some K C K. Then,

{X,(Un) = ‘T(n)7X,(0'n+1) = x(n + 1)}
= {X'(0n) = 2(n), X' (0p+1) = z(n + 1), 0j3e(0n) > $p; V(4. k. £) € V(2(n))} UN

= {X'(on) = 2(n), Ojke(on) > sn; V(4. k, £) € V(2(n))} UN, (B.4)

for some P-null set N. Note that from the discussion above there cannot be a service
completion event at the same instant. Then, by (B.4) and Lemma B.1, when z(n) and

x(n + 1) satisfy (B.3)

P{0jie(ons1) > tine; V(i k, 0) € V(z(n + 1))|X'(05) = 2(n), X (0n41) =x(n+ 1)} =
P{0jie(ons1) > tiee; V(i k,0) € V(z(n+ 1))
X" (0n) = x(n), Vjke(on) > sn3V(j, k,0) € V(2(n))} =
P{0jke(0n) > tjne + 50 V(i k. €) € V(2(n)) NV(2(n + 1))
X' (00) = 2(n), Bje(on) > 503 V(j, k,0) € V(2(n))}
P{tjre(ont1) > tjne; V(5. k. €) € V(z(n +1)) \ V(2(n))

|X/(Un) = $(n)7z~}jk€(0—n) > sn;\v/(j7 kag) € V(Z(TL))}

Above, V(z(n)) N V(z(n + 1)) gives the set of customers whose service have started on or
before o, and V(z(n + 1)) \ V(z(n)) gives the set of customers whose service have started
on op41, since we assume that an admissible policy is non-preemptive. The second equality
follows from that fact that if a class k customer’s service starts at time o,,41 at service pool

J it has exponential distribution with rate p 1, independent from other service times. Now,
P{0jre(0n) > tike + 503 (5, k, £) € V(2(n)) N V(2n41)

| X (on) = (), Vjke(0n) > 503 V(j, k, 0) € V(z(n))}

= P{’l:)jke > tipe}
(k. 0)EV(2(n))NV(2(n+1))
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by induction hypothesis. And

P{'[)jk;g(O'rH_l) > tire; V4, k, ) € V(z(n + 1)) \ V(2(n))
|X/(Jn) = x(n)vﬁjké(an) > SnQV(jv k‘,f) € V(Z(TL))}

= H P{lz)jkg > tjkg} (B.5)

(:kOeV(z(n+1))\V(2(n))

because of the independence of the service times. Hence, we get the desired result in this

case.

Now assume that (B.2) holds for /. When (B.2) holds there are two possible cases that

must be analyzed separately:

(a) zjp(n+1) = zjp(n) for all j € J(k') and gi(n + 1) = qx(n) — 1. In this case one
of the server pools have completed serving a class k' customer, but we cannot extract

from (B.2) which one it is.
(b) zj(n+1) = zjr(n) for some j' € J(k') and g (n + 1) = gir(n) — 1. In this case a
server in pool 7' has completed serving a class k' customer.
Below, we prove the result for (a), the proof of in case () is similar. We define
T (o) = min{ 0 (00); {0} € Vi (2(n))}. (B.6)
Then, if (a) holds
{X'(on) = 2(n), X' (on41) = x(n + 1)}
= (X'(0n) = 2(n), X'(0ns1) = a(n + 1), 70(0m) = 50} UN
={X'(0,) = 2(n), 7/ (00) = s} UN (B.7)
for some P-null set N. Therefore, in this case
P{tjue(ont1) > tje; V(5,5 ) € V(z(n +1))|X (00) = 2(n), X' (0n+1) = 2(n+ 1)} =
P{f)jkg(anH) > iV, k, 0) € V(z(n + 1)) X (0) = z(n), 7 (o) = sn}
= > P{ojre(0nt1) > tine; V(5. k. €) € V(z(n + 1))
('K ) EVyr (2(n))
|Oke(on) > Djrprer(00); Y (4, K, £) € V(z(n) \ {7, K/, 1"}, X (o) = x(n)}

P{ﬁj’k’ﬁ’(an) = Sn} (B8)
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In the above display, the first equality follows from (B.7) and the second equality follows

from the induction argument and from the independence of service times. Now, for any

{7, K, '} € Vir(2(n))

P{0jie(ons1) > tine; V(i k,0) € V(z(n+ 1))
[Bje(om) > Dy (0n); V(s K, 0) € V(2(n)) \ {7, K, I'}, X' (0n) = x(n) }
= P{0jre(0m) > tjne + 503 V(5. k, 0) € (V(z(n)) \ {§", K/, £'}) N V(z(n + 1))
[Bjke(on) > Ve (00); VG, K, ) € V(2(n)) \ {5’ K1}, X' (on) = x(n) }

X P{f)jkg(O}H_ﬂ > tjkg;V(j, k,g) S V(z(n + 1)) \ (V(z(n)) \ {j/, k’,@’}) } (Bg)

In the above display (V(z(n)) \ {j',k',¢'}) N V(z(n + 1)) gives the set of customers whose
service has started on or before o, not including {j’, k', ¢'}, since an admissible policy is
non-preemptive. The set V(z(n + 1)) \ V(z(n)) \ {j/, k', ¢'} is the set of customers whose
services have started on o, 11. The equality follows from the independence of service times.

For all (j,k,¢) € V(z(n+1))\ (V(z(n)) \ {j/, k', ¢'}) the remaining service times at o,
have exponential distribution since their service starts at time o,,41. For those who started
service before or on o,, we have by the induction argument and the memoryless property

of exponential distribution
P{@jkg(an) > tike + sn; V(4 k. £) € (V(z(n)) \ {7, k',@'}) NV(z(n+1))

|Oke(on) > Vjprer (00); Y (4, k, 0) € V(z(n) \ {7, K/, 1"}, X (o) = x(n)}

= H P{f)jkg > tjkg}. (B.IO)
(4:k,0)€(V(2(n)\{4",k" ' )NV (2(n+1))
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Hence, when the event at 0,11 is a class k” service completion, by (B.8)-(B.10)

P{ﬁjkg(JnH) > tipes V(5. k, 0) € V(z(n+1))|X (o) = z(n), X' (0p41) = z(n + 1)} =

> P{Ojke(on+1) > tjke; V(5 k, €) € V(2(n + 1))
(47K )€V (2(n))
|0jke(0n) > Vi (0m);V(G, b, £) € V(z(n)) N (FE ), X (04) = 2(n)}

P{ﬁj’k’ﬁ’(an) = Sn}

— Z ( H P{’L:)jkg > tjkg}) P{@j’k’ﬁ’(an) = Sn}
(4:k,0)

(J'K")EV, (2(n)) eV(z(n+1))

= H P{’L:)jkg > tjkg} (B.11)
(4,k,0)eV(z(n+1))

Finally, by (B.5) and (B.11), we have that

P {0jke(ons1) > tin; V(5. ks ) € V(ony1)| X (0n41) = 2(n) }

= 1T P{0jke > tjne}

(4,k,£)EV(2(n+1))

/ P{X(0) = 2(n)| X" (0np1) = £(n + 1)} dFyoon (£(n)),
NK xNJxKfo

where each ?:ijg is an exponential random variable with rate p;; and is independent of

V(z(n + 1)) which gives the desired result since

/ 4P {X(04) = 2(n)| X (0s1) = 2(n + 1)} = 1.
NE NI *x K xRE

O

Using Lemma 2 we can show that X'(t) = (Q'(t), Z'(t),V/(t)) is a PDP. First note that

/
dbglft) =—1, fort e (O'Z',O'Z'_H),k? =12,...,K, (B.12)
dz" (t
dqgt(t) ]d’“( ) =0, fork=1,2,...,K, and j € J(k). (B.13)
(B.14)

Assume that X (oy,) = z(n). Let ¢}, = min{b}(n) : k=1,2,..., K} and

exp{— ZkelC,jGJ(k) Zippgt}, ift <ty

0, t>tE.

G (t) = (B.15)
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By Lemma 2, since for t > 0 P {1:)jkl > t} = e #ik! for zj; denoting the number of class k
customers being served by a server in pool j at time o, P(s, > t|X (o) = x(n)) = Gy (1)
Hence, the jump rate A(+) is given by
AMz(n)) = Z Zjk k-
kek.jeT (k)
Let g(m) € NK| 2(m) € N/*Kand b(m) € RY for m = 1,2. Define a probability

measure @ on (NX x N/XK x RE) x (NF x N/*F x RE) as follows:

@((q(2),2(2),6(2)); (q(1), 2(1),b(1))) = Fi(dB) (B.16)

if bp(1) = 0,b,(2) = B for B € R and (¢(2),2(2)) = fr(q(1),2(1), ex, Ey), where Fj is the
law of the interarrival times of class k customers and e, and Ey are defined as in Chapter 2.
The distribution given in (B.16) specifies the behavior of the system when there is an arrival
to class k. Let

_ 21(JK) pjk
Zkelc,jej(k) z1(7k) i

@((4(2),2(2),6(2)); (¢(1), 2(1), b(1))) (B.17)

if bi(k) > 0,b2(k) = bi(k) for all £ =1,2,..., K and (¢(2),2(2)) = fx(q(1),2(1),e0, Eji).
The right hand side of (B.17) gives the probability that the service of a class k customer
is completed in server pool j given that there is a service completion in the system. From
Lemma 2, this characterization is true since each remaining service time at any instant
has exponential distribution and is independent from the other service times and from the
remaining time for an arrival.

It is clear that X'(t) = (Q'(t), Z'(t),b'(t)) is a PDP with intensity function ), transition
measure w, and evolution equation (B.12). Also, since E[Ag(t)] < oo for all ¢ > 0 and
remaining service times at event times have exponential distribution, E[N(¢)] < oo for all

t > 0, therefore, a parallel service system is a regular strong PDP.

B.3 Construction of perturbed systems

Fix an admissible policy w. Next we build another process that has the same intensity

function, evolution equation and transition measure as the parallel server system described
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in the previous section. Then, we show that this new process has the same departure process
pathwise as our perturbed system.

Let {vjr(l) : I = 1,2,...} be a sequence of independent and identically distributed
exponential random variables for £ € K and j € J(k). Also assume that these sequences
are mutually independent and each one is independent from the sequence of interarrival
times for each customer class. By the description of our perturbed system in Section 2.1,

the service completion time of the mth class k job in server pool j is given by

dp, = inf {t : /Ot Zj1(s)ds = ij(m)} (B.18)

where

Vik(m) =Y vi(l)
=1

We next show that when departures are modeled as above, X (t) = (Q(t), Z(t),b(t)) is a
piecewise-deterministic Markov process with the same parameters as X'(t) = (Q'(t), Z'(t), b (t)).

Let
Oji(on) = Vik(Djr(on) + 1) — on,

where Dji(t) is the number of class k service completions in server pool j by time ¢; see
Chapter 2. Therefore, v;;(0y,) is the remaining interarrival time for the (Dji(0y,) + 1)st

arrival of the process Sj; at time o,,. For notational simplicity, we set
Y=A{(,k): keK,je T(k)} and
Vi ={0G,k) :j € T(k)}

Lemma 3. Letx = (q, 2,b), withq € NE, 2 e N/*K andb e Rf. The following statements

are true for each n.

(i) Only one of the following events may happen at time o, ; only one service completion

or arrival to one or more customer classes.
(ii) For any non-empty Y C Y

P {@]k(an) > tijV(j, k) € 5)|X(O-n) = l‘} = H P{’L:;]k > tjk}, (B19)
(3,k)ey
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for tj, >0, where 53'19 is an exponential r.v. with rate p;. In addition,
where G, (t) is given by (B.15).

Proof. The proof is similar to that of Lemma 2 by using an induction argument. We set
Y = Y for simplicity.

For n = 0, the result holds trivially from our assumptions. Assume that the results hold
for n. The proof of (i) for n + 1 is similar to that in the proof of Lemma 2, hence omitted
here.

Assume that statements in (i) and (i7) are true for n and let x(m) = (¢(m), z(m), b(m)),

with g(m) € N&, 2(m) € N/*K and b(m) € RE, for m =1,2,.... Then

P{%jk(ont1) > tig; V(5 k) € VI X(0pt1) = z(n+ 1)}

/ P{3je(on+1) >t V(G k) € VX (om) = 2(m);m = n,n + 1}
NE XN XK RE

AP {X(0n) = 2(n)| X (0ps1) = 2(n + 1)} .

Since f is a deterministic function and only one event can happen at time o,,, the event
{X(on) = x(0n), X(0nt1) = 2(0n41)} yields which event happened at time o,,11. As in the
proof of Lemma 2, one can analyze an arrival event and a departure event similarly. The
analysis for the arrival event is similar to that in the proof of Lemma 2. Hence, we focus
on a departure event.

Assume that (B.2) holds for £’. As in the proof of Lemma 2, one should analyze two

possible cases separately. Again we only focus on case (a). Define
T (o) = min{ 0 (o) / 2 (n); (4, k') € Y} (B.21)

to be the remaining time for the first service completion after time o,, where we take

x/0 = oo for a real number z. Then,

{X'(on) = 2(n), X (on41) = z(n + 1)}
= {X'(04) = 2(n), X'(0p+1) = 2(n + 1), 7 (04) = s} UN

={X'(0y) = x(n), 1) (o) = sp} UN (B.22)
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for some P-null set /. Therefore, by Lemma B.1, when z(n) and z(n + 1) satisfy (B.2)

P{@jk(a'n—i-l) > tjk;V(j, k) € y‘X(O'n) = x(n),X(anH) = x(n + 1)} =
P{@jk(‘jn-i‘l) > tjk;v(jv k) € y‘X(Un) =x(n), T (on) = Sn} =

> P{ojp(0nt1) > tigs V(i k) € Y

(j/ 7k/)eyk/ 7Zj/k/ (n)>0

”(N}'/k/(O'n)
X n) — - = Sn; )
‘ (U ) x(”)? Zjlk/(n) =S j E y}
P{ﬁj/k/(()'n) _ sn}_
zjrr ()
Now, for j’ € Vi with zji(n) > 0
P{ojp(ons1) > tis V(i k) € Y
_ Vjriy (om)
‘X(Un) - x(“)? Zj’k’(n) - Sn7 ]7 E y}

= P{tju(on) > tn + zje(n)sn; V(5 k) € Y\ (7, K)
‘X(O’n) = x(n),ﬁjk(an) > ij(n)sn; (], ) S y\ }P{’Uj/k/ Un—i—l) >t ’k’}

= I1 P{0jk > tjr},

(4,k)eV(2(n+1))
where the last inequality follows from the induction argument, independence of the interar-
rival times of S5, and memoryless property of exponential distribution. This gives (B.19).

Equation (B.20) follows from (B.19) since, given X (0y,41) = z(n + 1)
Sn+1 = min{by, Uk (on+1)/2jk }-
Therefore, for t < by, for all k € K

P{Sn+1 > t’X(O’n_H) = x(n + 1)}

= P (o041 5k > £, (. k) € VIX(0ns1) = 2(n + 1)}
O

Proof of Theorem 2.1. Using Lemma 3 one can show that the system defined above has the
same PDP characterization as the original system, that is; they have the same transition

measure, intensity function and evolution equation. Also, by a similar argument to that
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at the end of the last section, E[N(t)] < oo for all ¢ > 0 for the system constructed above
too. Hence, by Theorem 5.5 in Davis [23], both Markov processes have the same generator.
Therefore, they have the same finite-dimensional distribution by Proposition 1.6 in Chapter
4 of Ethier and Kurtz [24].

Now let S, be Poisson process with interarrival times given by the sequence {v;;(l) :
I =1,2,...}. Note that the mth service completion time from Sj (fg ij(s)ds) is also
given by (B.18). Hence, the departure processes for the system generated above are the

same pathwise as the Poisson process characterization in the perturbed system.
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APPENDIX C

PROOFS OF THE RESULTS IN SECTION 4.1

C.1 Proofs of the results in Section 4.1.4.2

Proof of Theorem 4.1.6. For notational simplicity we set ¢! (t) = ¢](Z"(t)). Fix to >

0,7 >0and we M".

1. Assume that (4.37) holds. Let t;(w) = inf {t : ¢} (t,w) < ¢](0,w)/2}. We investigate
two possible cases; t1(w) < tg and t1(w) > to, separately. We omit w from the notation

in the rest of the proof.

CASE 1. First assume that t; < ty. Set sg = ¢; and define
Soi+1 = Inf{t > s9; : ¢} (t) = 0} and s9;42 = Inf{t > s9;11 : ¥} (t) > 0} for i =0,1,...(C.1)

For any t € [s2i11,S2i+2), ©](t) = 0, so assume that tg € [s9;, S2;+1) for some i. Note

that
J
@1 (to) < @1 (s21) — (A" (t0) — A"(s2:)) + Y (S (Bj(t0)) — S (B (s21))) ,
j=1
since all arrivals are routed to one of the queues that have idle servers. Hence,
J
Pilte) < @ilsa) = (A(t0) = A(s2)) + D (85 (Bj(to) = 8 (B} (s21)))
j=1
to
+ Z 14 / s)ds — A"(to — s2i)
J
< lsa) + VA (ko — 1) + Jo(VINTDI +2 3 11S5(5) = st o
j=1

+2[|A"(t) — A"t]],, - (C.2)

Since, by Lemma 9, ¢! (s2;) < (¢7(0)/2) vV J and ¢}(0)/2 > J for r large enough,

J
Filte) < GH0)/2+ 0V (to — 1) + lo(v/ TN +2 3 11S5(8) = st e

j=1
+2[|A"(t) = A"ty
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Now add and subtract ¢} (0)/2 to the right hand side above to get (4.38).

CASE 2. Now assume that t; > tg, then

Pilto) < ¢1(0) = A"(to) + ) S; (Bj(to))

M-

<
Il
—

Mk‘

o o J to
= G0) ~ AT(to) + 355 (B (k) + D uy /0 Z2(s)ds — X'ty
_ 2

<
Il
—

IN

J
21(0) = (i (0)/2 = VAT0) to + lo(V/INTN | + D [185(8) = ] o
j=1

+AT(E) — A"ty -
By (4.37), the last inequality gives (4.38).

2. Now assume that

40/ )\T(to V 1)
T T <
©1(27(0)) < —,umin A

First assume that ¢](0,w) > 0. Set sop = 0 and define sg; 41 and s9;492 as in (C.1). For
any t € [S2it1, S2i+2), @1 (t) = 0, so assume that tg € [s9;, S2i+1) for some i. Then, we
have that (C.2) holds with t; = 0. Since ¢f(s2;) < ¢](0) vV J, (C.2) yields (4.39). If
©1(0,w) = 0, then define ¢; = inf{t > 0: ¢} (¢t,w) > 0}. Since ¢ (t1,w) < 2.J, we get

the result from a similar discussion used in the case with ¢7(0,w) > 0 above.

O

Proof of Theorem 4.1.7. For notational simplicity we set @h(t) = ©5(Q"(t)). Fix to > 0,

r>0and we M".

1. Assume that ¢5(0) > v\ (to V 1).

Let

t1 =inf{t > 0: ¢](t) = 0} and to = inf{t > 0: p5(t) = 0}

We will study the following three possible cases separately; (1) t1 < tg < to, (2) t; > to

and ty > tg, (3) to < to.
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CASE 1. Assume that t; <ty < ty. Let sp = t1 and define

Soi+1 = Inf{t > s9; : p](t) > 0} and sg9j19 = inf{t > s9;41: p](t) =0} for i =0,1,....

One of the following must hold; s1 > tg or Sopio < to < Sopr3 OF Sopa1 < t < Sokio

for some k > 0.

If s1 >ty then

J
P5(to) < @h(tr) + (A7 (to) — AT(0) + ) (S Sj (t1))
]=1

< @h(t) = VNO(to — 1) + 22 155(8) = 5t e
j=1
+2[[A7(t) — AH],, - (C.3)

By definition of ¢y,

J
At < Gh(0) = Ninttmints +2 3 11558) = istll e - (C.4)
j=1

For r large enough N”. /\/A" > 0/pmin, hence for such r we get (4.42) by combining

min

(C.3) and (C.4).
Now assume that either sop1o < tg < Sopt3 O Sop+1 < t < Sopto for some k > 0.

We define A; = [s2i41, S2i42]), for @ = 0,1,.... For any ¢ > 0 and ¢t € [s9;41, S2i+2],

there exists at least one j; € J such that Q7 (f) < NJ . Define

a] 1nf{t > 82i41 ¢ Q ( ) < N } N 89i49.

We assume for simplicity that so;41 = ail < aé <...< af, < $9i49. If Q;(t) < N;
for some t € [sg;41,82i+2), then Q;(SQH_Q) < Nj +2, by Lemma 9 and since no
arrivals join queue j during [s9;41, S2;+2) when Q] (t) > N 7. Hence, if afj < S9i19 then

05 (s2i42) < 2J. Now assume that af] = $9;4+2. Then for any t € [s2;41, S2i+2)
-1

P1(t) < @i(sai1) — (A(t) — A"(s2i41)) + Z — S;(Bj(s2i+1)))
j=1
2 J 1 1% v
< 2J - (A"(t) ($9541 ) + (5] (B (t sj(B;(sM)))

=1
+ (HW - N&m%m) (t — s2i41)

< 20 + (" (to). (C.5)

.
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Choose [ < k so that 4; is the last interval such that aé- < S9142 N tg, for all j € 7, if

there exists such [ or set [ = k+ 1. Hence, 4 is the last interval during which all the

queues become empty at least once.

a. Assume that [ < k. If s9111 < tp, then

05 (to) < 2J. (C.6)

If So14+2 < to, then (C5) holds for all ¢ € [SQH_Q, to] since if ¢ € [82i+2, 82i+3], then

@7 (t) = 0 and otherwise we have from the discussion above that (C.5) holds.

Hence, for Q% (t) = Z‘-]zl(Q;(t) + Z;(t))

Qb (to) — Q%(s2112) < A(to) — A (szis2) — 3 (S(BL(to)) — S(B}(s2142)))
JjeJ

(Hamax (27 + ¢ (t0)) = VN0) (t0 = s21:2)

IN

231850 = iyt + 21470 = Xl
j=1
Since ¢f (tg) < 2J + (" (to), we have from the last inequality that
Ph(to) = Phlsara) < (max(27 + ¢ () = VIVO) (to = saro)
2371850 sl + 21470~ Xt
=1
+2f] + (" (o). (C.7)

Since ¢5(s2142) < 2J by definition of I, we get (4.42) from (C.7).

b. If I = k + 1, then (C.5) holds for all ¢ € [¢1, o). Hence,
G5(t0) — b)) < (masl2T +C(0)) — VAH) (10— 11)
237 195(0) - st + 21470 — Xl
=1
+2} + (" (to). (C.8)
For r large enough N7. /v/A" > /i, hence for such r we get (4.42) by

combining (C.8) and (C.4).
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CASE 2. Now assume that t; > ty and to > tg. Then, none of the arrivals join a queue
that has customers waiting during [0,%]. Let a; = inf{t > 0: Q}(t) < NJ}. Asin
Case 1, if a; < tg for all j € J, then h(ty) < 2J. If aj > to for some j € J then
J
P5(t0) — 5(0) < —Nigatminto +2 31850 — it (C9)
j=1

Hence for r large enough, we get (4.42).
CASE 3. If t9 < tg, define
th = sup{t > to : h(t) > 0}.

If ¢, > to, then 5(to) = 0, so assume that t§, < tg. We have that 0 < @5(t5) < 2J.

We get (4.42) from the discussion below.

. Now assume that

P5(Q"(0)) < OV (tg v 1),

and define
F=sup{to > £ > 0: (1) = 0},

If { = —o0, set £ = 0. Observe that 0v/\(tg V1) > 4(f) > 0 and @4(t) > 0 for all
[t,t0]. By considering the path from f to tg, one can use the same arguments above,
but this time only cases 1 and 2 will apply. It is obvious that (C.3)-(C.9) hold for this

case as well, since they do not depend on the initial value of ¢}. Hence, we get (4.43).

O

C.2 Proofs of the results in Section 4.1.4.3

We first establish the additional fluid model equations that must be satisfied by the fluid

limits of the MED-FSF and MED-LB distributed server pool systems. Then, using these

equations, we determine the set of invariant states of the fluid limits for both systems.

Lemma 4. Let {X"} be a sequence of MED-FSF distributed server pool systems. Assume

that {Q"(0)} is bounded a.s. as r — oo. Every fluid limit X of {X"} satisfies the following
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equations in addition to the fluid model equations (A.2)-(A.11) in [22]. For every j € J

and a reqular point t of X
i Q1) Qj(t)

Al(t) = 0 when —1 =2 for some j' € J and C.10
() Binj — Bjmg (C.10)
J = J —
DAL =X if D (Zp(t) - By) <0 (C.11)
J'=J J'=j
Proof. Let X be a fluid limit. Fix ¢ > 0 and assume that % > ?{'}Etz for some j' € J. By
VAR

continuity of X, there exists § > 0 such that

Qj(s) - Qjr(s)
Biwg By

for all s € [t —d,t+ 0]. Let w € A, for A given as in Section 4.1.4.3. Assume for notational

simplicity that X"(-,w) converges u.o.c. to X(-,w). Note that by (4.2)
Ny = Be|N"|+o(|N"|) forall £ e J.

Hence, for r large enough

Q;(s) - Qj(s)
Bips + o(INTD/INT| = Bjrujr — o [NT])/INT|”
SO
Qj(s)/IN"| Q5 (s)/IN"|
Bips + o [NTI)/INT| = Bjrpg — o(INT])/|NT|
Thence

Qj(s) Q5 (s) - Q% (s) . @)
Nipg — INT[Bjpj +o([NT]) = [N"|Bjpg — o([NT|) = Nipjo

(C.12)

for large enough r for all s € [t — d,¢ + ¢]. This implies by (4.30) for r large enough that
A‘;’r(s) is flat on [t — 6, + d]. Hence jlq(t) = 0. Fluid limit equation (C.11) is proved

similarly. O

Lemma 5. Let {X"} be a sequence of MED-LB distributed server pool systems. Assume
that {Q7(0)} is bounded a.s. as r — co. Every fluid limit X of {X"} satisfies (C.10) and the
following equation in addition to the fluid model equations (A.2)-(A.8) in [22]. For every

j e J and a reqular point t of X

flj(t) =0 when Z(t) > M for some j' € J. (C.13)
B; B
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The proof is similar to that of Lemma 4.

Proof of Lemma 1. Let {X"} be a sequence of MED-FSF distributed server pool systems
and hy(t) = Z}'le |Z;(t) — Bj]. Note that if hi(t) > 0 and ¢ is a regular point of X then
hyi(t) < 0 from the fluid model equation (C.11), and equations (A.2) and (A.9) in [22].
Hence, if h1(0) = 0, then hy(t) = 0 for all ¢ > 0 by virtue of Lemma 2.4.5 of [19].

Now let ho(t) = maxje7{Q;(t)/3;} — minje 7{Q;(t)/3;} and assume that Z;(0) = f;
for all j € J. If tis a regular point of X and hy(t) > 0 then ho(t) < 0, by (C.10),
(C.11), (A.2)-(A.11) in [22] and Lemma 2.8.6 of [19]. Hence, if h;(0) = ha(0) = 0, then
(Q(0),Z(0)) = (Q(t), Z(t)). Note that hi1(0) = ho(0) = 0 if and only if (¢,2) € M.
Therefore, (g, z) is an invariant state if and only if (¢, z) € M. For the MED-LB policy the

result is proved similarly using (C.13). O

C.3 Proofs of the results in Section 4.1.4.4
C.3.1 Proofs of Propositions 4.7 and 4.9

We use the framework of [22]. We need to check that Assumptions 1 through 4 in that
paper are satisfied by the sequuence of MED-FSF and MED-LB distributed systems. It
can easily be checked using (4.2) and (4.4) that the static planning problem (2.20) in [22]
has a unique optimal solution with 27 =1 for all j € J, and so, by (4.4), Assumption 1 in
that paper is satisfied. Assumption 2 in [22] is satisfied by both policies by Lemma 1 and
by Theorem A.1 in the same paper. So we focus on Assumptions 2 and 4. In this section we
first define the appropriate SSC functions, see Section 4.1 of [22] for more details on SSC
functions, then we show that Assumption 3 in that paper is satisfied by the MED-LB and
MED-FSF distributed systems.

Hydrodynamic scaling and hydrodynamic limits are introduced in [22]. They showed
that hydrodynamic limits satisfy a set of equations that are called hydrodynamic model
equations. To check Assumption 4 in [22], one needs to show that the hydrodynamic model
solutions, which are solutions of the hydrodynamic model equations, satisfy certain condi-
tions. We start with characterizing the additional hydrodynamic model equations for the

MED-FSF and MED-LB policies; see Lemmas 6 and 7. Then we show that hydrodynamic
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model equations satisfy Assumption 4 in [22] in Propositions C.1 and C.2. This gives us the
multiplicative state space collapse results. To prove the strong state space collapse results
stated in Theorems 4.7 and 4.9, we show in Theorem C.3.1 that condition (4.15) in [22] is
satisfied by Q" and Z" under any completely non-idling policy.

Recall that A = lim, oo A"/|N"| = fi.

Lemma 6. Let {X"} be a sequence of MED-FSF distributed server pool systems. FEuvery
hydrodynamic limit X of {X"} satisfies the following equations in addition to equations

(4.9)-(4.14) in [22]. For every j € J

Q;(1) - Qy(t)

jl?(t) = 0 when for some j' € J and (C.14)
kg By
. J
AST(t) = X when Y Zy(t) <0, (C.15)
l=j

where Aj’+(t) = Z‘sz fli(t)-

Proof. Let X be the Hydrodynamically scaled version of X" as defined in Section 5.1 in
[22]. Then, by (4.30) and (4.31) X™™ satisfies the following equations.

Q) _ Q)

< for all j/ € J and (C.16
Njng = Njmy 1

AP"™(t)  can only increase when

J
A;’T’m(t) can only increase when Z er’m(t) = 0. (C.17)
I=j+1

Let X be a cluster point of {X""}, for some L > 0.
Fix T' > 0. By definition of a hydrodynamic limit, given € > 0 one can choose (r,m,w)

such that

HXQ)—X”%@wMLge. (C.18)

The rest of the proof is similar to the proof of the first part of Lemma 1. Fix L > ¢ >0

and j € J. Assume that

Q;(t) - Qy (1)

for some j' € J.
Bimg — Bjpg
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By continuity of X, there exists a § > 0 such that

Q;(s) - Qj(s)
Biwg By

for all s € [t — 0,t + ¢]. Since € is arbitrary, by (C.18) one can choose (r,m,w) such that
Q;"(s) _ Qy"(s)
>
Bjn Bjr b
for all s € [t —d,¢t+4]. Since 8; = N7 /|N"| —o(N")/|N"|, this implies, similar to (C.12),

by (C.16) that A‘;—’T’m(s) is flat on [t — 6, ¢ + 6]. Hence A9(t) cannot increase on [t — 4, ¢+ 6].

The second hydrodynamic equation (C.15) is proved similarly using (C.17). O

Lemma 7. Let {X"} be a sequence of MED-LB distributed server pool systems. Then,
in addition to equations (4.9)-(4.14) in [22], every hydrodynamic limit X of {X"} satisfies
(C.14) and
Zi(t)  Zp(t

i®) > Zr® for some j' € J. (C.19)
Bj By

The proof is similar to that of Lemma 6.

Aj(t) =0 when
Next, we define the SSC function for the MED-FSF policy. Let fj :R?/ — R be defined

3 Y4
fj(q7 Z) /L]ﬁ]’

for j € J. The SSC function, § : R?/ — R, for the MED-FSF policy is defined as follows.
J

9(q,2) = max{f;(¢,2)} — min{f;(q,2)} + Y _1Z;(1)]. (C.20)
JjeJ JjeJ =

It is obvious that ¢ is continuous and §(aq,az) = ag(q,z) for all (¢,z) € R?/. Hence, §

satisfies Assumption 3 in [22]. Also,

§(Q(1), Z(t)) =0
if and only if

Qi(t) _ Qp(t)
Biwg By

J
andZZj(t) =0 forall j,j € J.
=2

Therefore, g is the desired SSC function. Next we show that the hydrodynamic model

solutions and ¢ satisfy Assumption 4 in [22].
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Proposition C.1. Let {X"} be a sequence of MED-FSF distributed server pool systems.

Let g be defined as in (C.20). For any hydrodynamic model solution X,

aQM), Z@t) < H(t) fort>0

with H(t) = (§(Q(0), Z(0)) — (pminBmin A 1)t) A 0. Whenever §(Q(0), Z(0)) = 0 then
G(Q(t), Z(t)) = 0 for t > 0. In particular, the hydrodynamic model solutions of {X"} and §

satisfy Assumption 4 in [22].

Proof. Let X be a hydrodynamic model solution and ¢ > 0 a regular point of X. Assume
that §(Q(t), Z(t)) > 0.

Let

Unin(t) = {j € T : [;(Q(t), Z(t)) < f3#(Q(t), Z(t)) for all 5/ € T} and
Unax(t) = {j € T f(Q(t), Z(t)) > f;(Q(t), Z(t)) for all j' € T}.

Since ¢ is a regular point of X, by Lemma 2.8.6 of [19],

. . J .
GQ), Z(t) = filt) — f;(t) = D> Z;j(t) for all i € Unax(t) and j € Unin(t).

Jj=2

First assume that Z}Izz Z;(t) < 0. Then,

J . J
Z Zj(t) >\ — Z/L]‘ﬁj > ,uminﬁmin

j=2 J=2
by (C.15) and (4.5) in [22). Also, by (C.14) and (4.8) in [22], fi(t) = —1 or 0 and f;(t) = 0
for all i € Upax(t) and j € Unin(t). Hence, G(Q(t), Z(t)) < —fiminBmin-
Now assume that 23'122 Zj(t) = 0. Then, 23'122 éj (t) = 0 since 23'122 ZLj(t) > 0 whenever

Z}-Izz Z;(t) < 0. Hence,

A A

9(Q(t), Z(t) = fi(t) = f(1).

We get as in the proof of Proposition C.2 below that §(Q(t), Z(t)) < —(pminA1). This gives
the first claim. Second claim is follows from the fact that §(Q(t), Z(t)) < 0if G(Q(t), Z(t)) >

0. O
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Next, we define the SSC function for the MED-LB policy. Let ¢ = (q1,...,qs) € R’,

z=(z1,...,27) € RV and f; : R>) — R be defined by

. )
f](qu) M]ﬂ] + 5]_7

for j € J. The SSC function, ¢ : R?) — R, for MED-LB policy is defined by

9(g,2) = max{f;(q, 2)} — min{ fj(q, 2)}- (C.21)

It is easily checked that g is continuous and g(agq, az) = ag(q, z) for all (¢, z) € R?/. Hence,

g satisfies Assumption 3 in [22]. Also,
9(Q(t), Z(t)) = 0

if and only if

Oit) _Qut) ZiH) _ Zy)
By Bpug B By AR €J.

Therefore, g is the desired SSC function. Next we show that g satisfies Assumption 4 in

22].

Proposition C.2. Let {X"} be a sequence of MED-LB distributed server pool systems. Let

g be defined as in (C.21). For any hydrodynamic model solution X
g(Q(t),Z(t)) < H(t) fort>0 (C.22)

with H(t) = (9(Q(0), Z(0)(1min ALY)AO. Whenever g(Q(0), Z(0)) = 0 then g(Q(¢), Z(t)) =

0 for t > 0. In particular, {X"} with g satisfy Assumption 4 in [22].

Proof. Let X be a hydrodynamic limit and ¢ > 0 be a regular point of X.

Assume that
g(Q(t), Z(t)) > 0. (C.23)
Let

Unin(t) = {j € T = f;(Q(t), Z(t)) < f11(Q(t), Z(t)) for all j' € J} and
Unax(t) ={j € T« [;(Q(1), Z(t)) > f(Q(t), Z(t)) for all j' € T}.
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Since ¢ is a regular point of X, by Lemma 2.8.6 of [19],
9(Q(t), Z () = fi(t) — f;(t), for all i € Unax(t) and j € Unin(t).

Also, observe that Upax (t) N Unmin(t) = 0 since g(Q(t), Z(t)) > 0.
We first show that if g(Q(t), Z(t)) > 0, then

F(O), Z(1) < —(pimin A1) for all i € Unax (t). (C.24)

First observe that if g(Q(t), Z(t)) > 0 and i € Unax(t)

Qi(t) < Q;(t) Zi(t) _ Z;(t)

or >
wili il Bi Bj
for some j € Unin(t). Therefore, by (C.14), (C.19), equations (4.2) and (4.5) in [22]

Qi(t) + Zi(t) < —piminBimin:
In addition, either Ql(t) =0or Zl(t) =0 by (4.7) in [22]. This gives (C.24).
Next we show that if g(Q(t), Z(t)) > 0, then

fi(Q), Z(t)) >0 for all i € Unin(t). (C.25)

By (4.1), (4.2) and (4.5) in [22]
> (éi(t) + éi(t)) =A— > wBi>0,
1€Umin (1) 1€Umin (1)
where the last inequality follows from the fact that Unin(t) # J. By (C.24) we get (C.25).
Combining (C.24) with (C.25) gives (C.22). The second claim immediately follows from
Lemma 2.8.6 of [19] and the fact that ¢(Q(t), Z(t)) < 0 whenever g(Q(t), Z(t)) > 0 as

shown above. O

Next we show that under a non-idling routing policy the sequence of distributed systems

satisfy condition (4.15) in [22].

Theorem C.3.1. Let m € II be a non-idling routing policy and assume that (4.20) holds.

Then, for every T >0

Jdim_ tim B{IQ (1)l v 127 ()llr > O} = 0. (C.26)
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Proof. Fix m € I, T' > 0 and assume that (4.20) holds. Observe that (4.20) implies
Jim_lim IP’{]QT( V127 (0)] > c} = 0. (C.27)

C'— o0 Tr—00

By (4.35), (4.38) and (4.39), for C' > 0,

P{I1Z7(0)r > C} < {w )+ 05/ N INTIT + o(/INTDI/ /1N

J
(INT[E) — |NT |t "(t) — AT
1237 ISON'IH) — Ity o 1470 AtHT>C}

- VINT VINT
< P{IZ7 O > C/4} +P{o/NTINTT + Jo(/INT])|/VIN'] > C/4}

J

Si(|N"|t) — [N" |t

vp fo3n 1SN — N lustly
= VINT

+P {2—“A (t) — A"ty > 0/4} .
VINT]
S (N [8) = |N" | t

For any 5 € J, VI converges weakly to a Brownian motion with variance

fj, and % converges weakly to a Brownian motion with variance A\. Hence by the

continuous mapping theorem

J
Si(IN"|t) — |N" |t
C—o0 1r—00 = /|N7‘|

= lim lim P{QM > 0/4} =0
C'— o0 r—00 /’NT”

(C.28)

Thus, by (C.27) and (C.28)

Jim_Tim ]P’{HZT’( Mz > c} -

C'—o0r—0o0
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By (4.35), (4.42) and (4.43), for C' > 0,

P{lo"®lr>c} < P{IQ"(O)]>C/5}
+P {0/ N TINTIT + [o(v/INTDI/VIN'] > C/5}
+P {27 (ptma v 1)C"(T)/V/INT > €5 |

J
Si(IN"[t) — |N" |t
v L3 I8N0 — IV sty

C/5
2w Y
|A"(t) — N't]|p
+P {Q—W > 0/5}.

By (C.27) and (C.28) it is enough to show that for any 7' > 0

lim lim P {2T(umax V1) (T)/v/NT| > 0/5} = 0. (C.29)

C—o00Tr—00

to complete the proof of (C.26). For notational simplicity assume that pmax > 1 and choose

r large enough so that N[ . ftmin — VA" > 2|N"|Bs for some Bs > 0. Observe that

¢(T)
P 2umax] —= C
{“ Wﬁ}

| A" (s9) — A" (s1)]
<P 2umaxI  su —\/|N"|Bs(s9g — s1) + > (C/2
{ : 0§81S£)2ST{ I Balea = &1) VINT] /

J / T . .
+Z]P’{2umaXT sup {—%(sé—s{)
0<s?<sI<T
185 (1n71s5) = 85 (1v71s) |
N C/2J
VI f>on >}

<P 4NmaxTM > (/2
INT|

j=1

J
S (INT[t) — |[N"|p t
+ZP{4MWTHJ<\ 1)~ IN" |, HT>C/(2J)}

VINT

j=1

We get (C.29), again, by virtue of the continuous mapping theorem. O

Proposition 4.7. Let {X"} be a sequence of MED-FSF distributed server pool systems.
Assume that (4.2),(4.4), and (4.20) hold. We showed above that this sequence with ¢ defined

as in (C.20) satisfy Assumptions 1-4 in [22]. So we conclude by Theorem 4.2 in the same
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paper that for some L" = o(y/|N"|) with L" — oo as r — oo, and for every T' > 0 and

e >0,

) { sup,,, Nr-gg}g(@’"(t)lér(t))( >6}H07 o)
suby ) ireeer (|0 V] 270 V1)

as r — oo. Combining (C.30) with Theorem C.3.1 and using Remark 4.4 in [22] yields
PO swp (5@, 27(1)] > ep —0.
L7 /\/INT|<t<T
If in addition (4.46) and (4.47) hold we conclude similarly from Theorem 4.1 and Remark 4.4

n [22] and Theorem C.3.1 above that (4.48) holds. O
Proposition 4.9 is proved similarly by using g, defined in (C.21), instead of §.
C.3.2 Proofs of the results in Section 4.1.4.4

Proof of Proposition 4.11. Let {X"} be a sequence of MED-FSF distributed server pool
systems. Assume that (4.2),(4.4), (4.20) and (4.48) hold.

By (4.48)

Z ZI(t)|| < e(r (C.31)

Q1) Qu(t
ﬂjﬂj 6] 1%

for j,j' € J, where €(r) — 0 as r — oo in probablhty. This gives

Z,uj/ s)ds = ,ul/ Z7(s)ds + e(r) (C.32)
and
(X"(t)™ = —Z(t) + Je(r) (C.33)

Observe that

Ar(e) w) Ejj( 5 (INT1 Ji 27 (5)ds) = [N"lus [y Z5()ds)

—1 [N

<.

! . (W -3 Ny,
—Zuj/o T (5)ds + L1 (C.34)

i
%

J - . -
Zﬂj/o Z;(S)dszm/o Zi(s)ds + Je(r) = _#1/0 (X7 (s))"ds + 2Je(r) (C.35)
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Also

<A7’(t) _m> e 3 (85 (IN"1 g 27(s)ds) = IN"Ipsg fi Z5 (s)ds)
VIN] A V7]

where W, and W, are Brownian motions with variances equal to i, by Lemma 1 and since

= Wd(C.36)

A'/INT| — R, as r — co. We combine (C.34)-(C.36) and appeal to the continuous mapping

theorem to complete the proof.

O

Proof of Proposition 4.13. The proof is similar to the proof of Proposition 4.11 above.
Let {X"} be a sequence of MED-LB distributed server pool systems. Assume that (4.2),(4.4)
and (4.20) hold. Let Zg(t) = ijl Z;(t) By Proposition 4.9

l

for all j,j" € J, where €(r) — 0 as r — oo in probability. This gives

CAOIeA0

1 . .
6—jZ}7(t) — Zy(t)

Bimg  Bjruje < elr)

T

N

(X7(1)™ = —Z&(t) + Je(r).

and

J - ; . .
;Mj/o Zj(S)ds:;Mjﬁj/o Z5(t) + Je(r) :,a/ Z5() + Je(r)

0

The other arguments in the previous proof can be repeated verbatim to conclude the proof.

O

Proof of Theorem 4.1.8. Let {X"} be a sequence of MED-FSF distributed server pool
systems. Assume that (4.2),(4.4) and (4.20) hold. We prove the theorem for J = 2, the proof
for an arbitrary J is similar. By Theorem 4.7 and Proposition 4.11, and Theorem 11.4.5 of
[65],
AT BT ATy T w1 +
(G 2100500, 250) = (L2 (xeo,

_ 1232
X0 2 () 0), (37
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as r — oo in C*[0,00). Let

Hence,

: Si (INT1Jy Zj (s)ds t »
Di(t) = \/|N"| ( G > —,uj/o Z3(s)ds +,Uj/0 Z3(s)ds

By virtue of Theorem 11.5.1 of [65] and the continuous mapping theorem

{ i /0 | Z;(s)ds} (C.38)

converges weakly to a continuous limit. Also, the sequence

S; (INT] [¥ Z7(s)ds -
VINT] al “\‘;T” )—uj/o 77(s)ds (C.39)

converges weakly by Lemma 1 and the convergence together theorem, hence it is tight.
From (C.38) and (C.39) and Theorem 11.6.7 of [65] we have that {ﬁ;()} is tight in uniform
topology. Thence, we have again from Theorem 11.6.7 of Whitt, (C.37), and the tightness

of the scaled departure processes that the sequence
{(@1.21.01,05.. 21, 3) |
is tight. Thus, there exists a subsequence r; such that
(@, 21, Dy, Q5 214, D) = (@1, 21, Dy, @, 22, Dy )

as k — oo for some process (Ql, Zl,ﬁl,Q2,22ﬁ2>. Let a(t) = A;I-’r(t) + Aj’r(t) be the
total number of arrivals to the jth pool by time t. We define the diffusion scaled arrival
process, d;, to queue j by

aj(t) — ui Nt

Since

aj(t) = —Q5(0) — Z5(0) + Q5(t) + Zj (t) + Dj(t),
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we have by the continuous mapping theorem that
(d;kPDTk &£k7D2k> = <d17-D17 d27 DQ)

where a;(t) = Q;(t) + Zi(t) + Di(t) — Q:(0) — Z;(0), for i = 1,2.

Note that the processes a; and lA?Z-, for i = 1,2, are continuous a.s. since all the tightness
results above hold in uniform topology and @;(0) = 0 and D;(0) = 0, i = 1,2. By using the
corollary in [55] we have that (v NT*W/*, /NTsW,*) = (Wy, Wy) where

L1+
Wi(t) = % fori=1,2 (C.40)

and X (t) = 2521 Qi(t)). Since the limit X is independent of the subsequence chosen we
have the convergence of the waiting time processes for each pool. To prove the convergence

of W7, we note that
(WL (t) AW5(2) < W' () < (W1 (t) vV W3(t)) aus.

for all » and ¢ > 0. Hence

0 < VINT[(WI () vW5(t) — VINTIW"(t)
< VINTHWE () VW5 (1) = VINTT (W () AW3(2)) as.

The last term converges to zero by continuous mapping theorem and from (C.40). But weak
convergence to a deterministic limit implies convergence in probability, see, for example,
[11]. Therefore, \/|NT| (W] (t) V W3 (t)) —/|N"|WT(t) converges to zero in probability. We

have the convergence of W” to [X]/u by virtue of Theorem 3.1. of [11]. O

The proof of Theorem 4.1.8 is similar.

C.3.3 Proofs of the results in Section 4.1.4.4
C.3.3.1 Proof of Theorem 4.1.11

Fix a non-idling routing policy 7 € II and let X7"(-) = X" (n-)/n. This scaling is known as
the conventional fluid scaling. (These are not related to the fluid scaling that are discussed

in Section 4.1.4.3 and will not be used elsewhere in this paper outside this section.) Similar
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to [19], X" € D8/*! is said to be a fluid limit of {X}"} if there exists a subsequence {n}

of {n} and w € Q satisfying
tlim E"(\"t)/t = A" and tlim Si(t)/t = pj,

for all j € J, such that

lim X0 (- w) = Xp(-)

k—o00

u.o.c. It can be shown as in [18] that fluid limits for queueing systems with multiple servers
exist and satisfy the following equations for all £ > 0.

J
Nt = SO () + AV (1),
j=1
Qj(t) = Q"(0) + A" (t) + AT (t) — pyT;(t), for all j € T
_ . . ) (C.A41)
T7(t) + Y] (t) = Njuj,for all j € J
Yf (t) can only increase when Q; (t) =0,for all j € J

flj’r, flg’q,T]’-", and Y] are non-decreasing, for all j € J
We note that Z;(t) =0 for all £ > 0, since Z;’"k (t) <|N"|/nk and so goes to zero as k — oo
for fixed r. It is clear from these equations that every fluid limit is absolutely continuous
hence differentiable almost everywhere.
In this section we show that the fluid model of X" is stable (see Definition 4.1 of [18])
when 7 € II and (4.59) holds. Then we appeal to Theorem 4.2 in [18]. This theorem is
applicable only to single server systems but can be extended to cover the systems with

multiple servers. We omit the proof since it follows straightforwardly from the analysis in

18],

Proof. Fix a routing policy 7 € Il and r > 0. Let X" be a fluid limit of {X7"}. Fix a regular
point £ > 0.

We first show that fluid limits of {X7"} satisfy

AS"(t) + AY"(t) = 0 when Q}(t) > 0 and Q% (t) = 0 for some j' € J (C.42)
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for any j € J. To prove this, assume that Q; (t) > 0 and Q;,(t) = 0. By continuity of Q",

there exists a > 0 such that
Q% (s) > 2e and Q% (s) < €/(2ay,) for all s € [t — 6,¢ + 6] and for some € > 0.
Let X7 (-,w) — XZ(-) w.o.c. as k — oo. Then, for k large enough,
Q7" (s) > e and Q7" (s) < ¢/ay, for all s € [t — &, + 4.

Hence, Q% (nys) > a7.Q% (ngs) for all s € [t — 4, + d]. Therefore, by (4.29), A" is flat on
€ [nk(t—9), ni(t+0)]. Note that A ; is flat on s € [ng(t —6), ng(t+6)] since Q7 (nys) > 0.

This gives (C.42).

Let Q%(t) = 3-]:1 Q' (t) and assume that Q%(t) > 0. First assume that there exists
j" € J such that Q;,(t) = 0. Then, since Q;, is absolutely continuous, and differentiable at
time t and attains a minimum at ¢ > 0, Q;,(t) = 0. Hence

Qs (t) = Z @’“( JH Y Q) < Ny,
JET:Q5(t JETQ}(H)=0

by (C.41) and (C.42) .

If Q;(t) > 0 for all j € 7, then

=D N < -
JET

for some € > 0 by (4.59) and (C.41).

Hence, if Q% (¢) > 0, and ¢ is a regular point then Qg(t) < — (€A pmindV},;,) so the fluid

model of X" is stable by Lemma 5.2 of [18]. We conclude the existence of a stationary

distribution of (Q", Z") by Theorem 4.2 of [18]. O
C.3.3.2 Proof of Theorem 4.1.12

Choose ty > 0 such that for large enough r

5. o {0/

E, |exp 2HAT(t)_)‘Tt”t0
VINT[to

J
HE
j=1

J
1 1S5 () — pjtl] e
xp 42 3_1” i(t) — 1 ”|N Ito <1/2.
VINTto

(C.43)
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Note that the existence of such ty and r is guaranteed by Lemma 10.

Let z; € R’ for i = 1,2 and = = (w1, 7). We define ®}(z) : R?/ — R by
@i(2) = exp { (IN"Ito) /21 (w2) } (C.44)

where tg is as chosen in (C.43) and ] is defined as in (4.36). We show using Theorem 4.1.6
that ®] is a geometric Lyapunov function; see Definition 2 in Gamarnik and Zeevi [27],
then we appeal to Theorem 5 in the same paper to complete the proof.

Recall that P~ denotes the stationary distribution of (Q", Z") under the routing policy

m. We denote the expectation operator with respect to this distribution by E,~. We set

Ee[] = E[Q(0) = x1, 27(0) = 2]

for ¥ = (21,22), &; = (zi1,...,25) € R7, for i = 1,2, with 21 > 0, 0 < z9; < N7 and

21j(Nj —x9;) =0 for all j € J.

Proposition C.3. Let ®] be defined as in (C.44). There exists tog > 1 and 0 < v < 1 such

that for r large enough

S0, o120 B [B(Q (1), 271020 b <7 and (C.45)
@1 (to) 2 SUP,cR27 {Ew [®1(Q"(to), Z" (t0))/ P} (x } (C.46)
where k = exp {49 v :;{LJX; \/_}

Proof. Fix a tp > 1 that satisfies (C.43). Note that if ®](x) > exp {46— W} then

©1(Z7(0)) > %. Hence, by (4.38), for r large enough

sup {E, [97(Q" (to), 2" (10))/ @] (@)]} < 2B, |exp { —63/NT/INT[Vo }|

2€ER27: @1 (z) >k
T T J . _ .
{2||A (t) — A thO} li[E exp{zzjzl 155 (t) mﬂlwqto}]_
\/ |N7|t0 i=1 V |Nr|t0

This gives (C.45) by (C.43).
If ®7(z) < exp {49— W} then ¢7(Q"(0)) < < 40VXty Hence, by (4.39),

Hmin /A1 —  MminAl °

E, [exp
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sup  {E, [21(Q" (t0), 27 (t0))/ ¥ (@)]} < Ex |exp {03/ NIV Vo | |

2€R2V: 91 (z) >k
T T J . .
AT — X, ]i[Ex exp 22]-:1 1155 () = it ll e e, .
VINT[to j=1

E, [exp
VINT[to
We get (C.46) by virtue of Lemma 10.

O

In order to define the Lyapunov function for the queue length process we need the

following result.

Lemma 8. There exist tg > 0 and ro such that for r > rq

exp{—ex/wumm Y 1>J/\/|Nf|} (E [exp {4 V 1)C"(00)/VINTTY]

AT(t) — N\t J TS (it) — pit] e
exp 4|| (t) 4, HE:c exp 823—1 195 (kst) — 1 H\N Ito <1/2.
V |Nr|t0 j=1

+E,

VINT[to
(C.47)

Proof. By Lemma 10 there exists 1 such that for any ¢; > 0

J
o [exp {4‘|Ar(t) : /\Tthl }] ﬁEw [eXp {82j:1 HSj(th) o l“th\N"ltl }
il g

for some J 4+ 2 < By < oo and all » > ry. Now, for large enough t5 > t; and ro, and for

< B1/2C.48)

r>ro>n

exp {0/ 3 TNV E + Via2(tman v 1)J/N/ TN} < 4—]131 (C.49)

By Lemma 11 we can choose r3 large enough so that for r > rg3 > ro

E, [exp{4v/Fa(jimax v 1S (t0)/V/INT}| < Bu/2. (C.50)

We get (C.47) by combining (C.48)-(C.50). O
For to chosen as in Lemma 8, we define the function ®% : R?>/ — R by

@5(x) = exp { (IN"[to) ™ *ph(a1) | (C.51)

for x = (z1,72) and 7; € R/, i = 1,2, where ¢} is defined in (4.1.7).

185



Proposition C.4. Let O be defined as in (C.51). There exists tg > 1 and 0 < v < 1 such

that for r large enough
SUD, g2 .a5(2)>n 1 Ba [P5(Q" (t0), Z7 (o)) /5 (2)]} < v and (C.52)
95 (t0) = supepes {Ex [D5(Q" (t0), 2" (t0)) /Ph()]} < oo, (C.53)
where k = exp{0+/\"/|N"|/to}.

Proof. Choose ty and r¢ as in Lemma 8. Note that if ®5(x) > exp{0/A"/|N"|\/to} then

5 (QT(0)) > 03/ Atg. Hence, by (4.42),
s LB, [05(Q (10, 2 (t0) /050 } <
z€R2V: 0% (z) >k

exXp {—9\/ )\T/‘NT’\/% + \/gz(ﬂmax \% 1)J/ \% ’NT’}
<Ex [exp{4v/Eg (tmax v )¢ (t0)/VINTT}]

147 () = At ] & [ { > 185(8) = st e, }D
exp 4 E, |[expq8
p{ VINTlE }] 11 g VN

+E,

<1,

where the last inequality follows from Lemma 8. This gives (C.52).

Now assume that ®5(z) < exp{0/\"/|N"|\/to}. By (4.43),

sup {E B(Q (to), ZT(to»/@a(:s)]} <

z€R?V: DL (2)>kK

eXp {2J + 9\/ )\T/|NT|\/%+ \/%2(:umam \4 1)J/ \% |NT|}
(Ez {4V o V 1)C" (t0)/V/INTTH]

AT(t) = ATt ! T 185(E) = pgtl] e
+E, |exp {4” ( ) Hto }] HEx [eXp {82] 110+~ JUHINTto
V |N7“|t0 ,7:1 \/ |N7”|t0
This gives (C.53) by Lemmas 10 and 11. O

Theorem 4.1.12. Let w € II be a non-idling routing policy. We claim that for r large
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enough,

EJ: S > s p < cpexp{—cas} and (C.54)
2N

NT — Z5(0)
Z 21" > 53 <cpexp{—cys} (C.55)
Jj=1 ’NT

for some cq,co > 0.

Let to be given as in Proposition C.3. By Theorem 5 of [27] and Theorem C.3,

B [21(@7(0,770)] < T < e {4"V s f}

- ,U*mln/\l

for some ¢y > 0. By Markov’s inequality

P, { {"”;(,QN_Tt?} > exp{s}} < exp{—s}Eq [#}(Q7(0))] < 1 exp{—s}

for some ¢y > 0. This gives (C.54). The second inequality (C.55) is proved similarly using

Proposition C.4.

Theorem 4.1.12 immediately follows from (C.54) and (C.55) since both % and
% are nonnegative. ]

C.3.3.8  Proofs of Theorems 4.1.13 and 4.1.1}

Proof. The proof is similar to that of Theorem 8 in [27]. Assume that (4.2) and (4.4) hold.
By Theorem 4.1.11, (Q"(c0), Z"(00)) exists for each r, and by Theorem 4.1.12 the se-
quence {(Q"(c0) , Z"(c0))} is tight. Therefore, every subsequence of {(Q"(c0), Z"(c0))} has
a convergent subsequence. Hence, it is enough to show that every convergent subsequence
of {(Q"(00), Z7(c0))} converges to the same limit [11, page 59] and this limit has the same
distribution with the stationary distribution of (Q, Z ) that is given by
Qi) = <P (X (o)),

Z}'le 1555
Z1(00) = (X(00))” and Z;(o0) = 0 for j > 2.

by Remark 4.12, where X (c0) has the density given by (4.13).
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For notational simplicity let {(Q"(c0), Z"(c0))} be a convergent subsequence and denote
the weak limit by (Q*(c0), Z*(00)). Let {X"} be a sequence of MED-FSF distributed

systems with
(Q7(0),27(0)) ~ (Q"(00), 2" (o0)), (C.56)

ie., {(Q"(0),27(0))} has the stationary distribution. Then, by Theorem 4.7, for some

L™ = o(y/|N7|) with L" — oo as r — oo, and for every 7' > 0 and € > 0,

QGm Gwl &
P{L’/ \SEP\StST Bing By Y ]Z:;Zj(t) >6} 0, (C.57)
Let
(@ ()2 () = @+ 17 //INT), 27 + L/ /INT])),
By (C.56)

(¢"(0),27(0)) ~ (Q"(c0), £"(c0)), (C.58)

since (Q"(c0), Z"(00)) is the unique stationary distribution. Therefore, {(¢"(0),2"(0))}

satisfies the conditions of Proposition 4.11 by (C.57) and (C.58). Hence
(¢",2") = (Q,2) (C.59)

where Q and Z are given by (4.52) and (4.53), respectively, and (Q, Z(0)) ~ (Q*(c0), Z*(0)).

Fix t > 0. Then (" (t), 2" (t)) ~ (Q"(c0), Z"(c0)), again by stationarity of (Q"(c0), Z" (c0)).

Since {(¢" (t), 2" (t))} converges weakly to (Q(t), Z(t)) by (C.59), (Q(t), Z(t)) ~ (Q*(c0), Z*(c0)).

Hence (Q*(c0), Z*(0)) is the unique stationary distribution of (Q, Z).
The weak convergence of W7 (c0) to X (00)/u can be proved similarly by starting the
each process in its steady state and repeating the arguments in the proof of Theorem 4.1.8.

The proof of Theorem 4.1.14 is similar. O
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C.4 Auxiliary Results

Lemma 9. Let M be a renewal process with interarrival times given by the sequence of

i.i.d. random variables {m(i) : i = 1,2,...}. Assume that P{m(1) =0} = 0. Forty >0, let
M =2 {[M () = M=) [lnrig <1},
where {n"} is a sequence of real numbers with n” = O(|N"|). Then P(M) = 1.

Proof. Fix r > 0 and tg > 0. Then P{M (n"t) < oo} = 1. Let U = U2 {m(i) > 0}. By the

assumption of the lemma P{U/} = 1. Define for k =1,2,...,

L ={M(n"ty) < k} and

M = {[|M(t) = M(t=)|lnrig <1}
Observe that
Upey M NnU) Cc M”
Hence,
P{M"} > P{ugZ, (Mp)NU} = 1.
Since M = N2, M", P{M} = 1. O

Lemma 10. Let M be a poisson process with rate v > 0, {n"} be a sequence of nonnegative
real numbers such that n™ = O(|N"|), and a > 0. Then, there exists By < oo such that for

every 0 < tp < o0

M(t) —~t
limsupE [expq a sup M) — ) < Bj. (C.60)
r—00 o<t<nvto  +/|NT|to

Remark C.5. If M is a Poisson process with rate 1, then M'(-) = M(y-) is a Poisson

process with rate v, hence (C.60) also holds for the process M (v-)

Proof. Fix a > 0 and ty > 0. Since n” = O(|N"|), n"/|N"| < a for r large enough and for

some a > 0.
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As in the proof of Lemma 1 in [27]

limsup E [ sup exp {204\/571_1/2]M(t) — ’yt\}] < Bs, (C.61)

n— o0 0<t<n

for some By < co. We have

| M(t) — ] |M(t) — ]
E [exp{a sup ——=——— | <E |exp a/a sup e
o<t<nrto  /|N"|to 0<t<alN"|to \/a|N"|to

[ M(#) — ~t]
=F sup  expl oy a——te———
0<t<a|N"|to { Va|N"|to
This together with (C.61) gives the desired result. O

Lemma 11. Let (" be defined as in (4.40). For everyty > 0 and o > 0, there exists r, > 0

such that for r > 1y,

(" (to)
VINT|

Proof. For notational simplicity we assume that pmax > 1. Choose r large enough so that

E [exp {4(,umam V 1to }] <(J+1)+2a.

N fimin — OV X" > 2|N7|Bs for some Bz > 0. Then, for such r,
T

¢ (tO) }:| <

VINT]

A" (s9) — A"(s1))
E |exp < 8tmaxt su —\/|N"|B3(so — s1) +
[ p{ 8 Oogslgggto{ Aoz =) VINT]

E |:eXp{4Nmaxt0

+E

exp{&umaxto sup {—\/ |NT|Bs(sg — s1)
0<s1<s2<to
V1,V g+ (s2—s1)<tp

S |85 (s + (52— 51)) INTI) = 85 (5N

7 i

+

(C.62)

We show that the first term on the right hand side (RHS) above is bounded by 1 + «, it

can similarly be shown that the second term is bounded by J + a. First observe that for

190



any € > 0

A" (s9) — A" (51)]
E |exp < 8ttmazt su —v/|NT|Bs(sy — s1) +
p{ I 00§81S£St0{ VINT|B3(s2 — s1) G
<E

JINTI A7 (s2) — A" (s1)]
exp {8Nmaxt0 <_ ’N ’B3€ —I-OSSls;lEzSto { 2 |NT| 1 }) }] (063)

+ E |exp < 8ttmazto sup {|A (52) — 4 (81)|}

0<s1<sa<to VINT|

[s1—s2|<€
We next show that we can choose € > 0 so that the terms on the RHS of (C.63) are
bounded by 1 + . Let A™(t) = A(t)/\/IN"| = (A"(t) — Xt)/+/I[N"]. Then, A" = W,,

as r — oo, where W, is a Brownian motion with variance A\. By the continuous mapping

theorem
Ar(sg) — A 1
ol (1) - Al g
0<51<s52<tg \/ ’NT’ Blbmazto
[s1—s2|<e

log u

— P sup {’Wa(32) - Wa(sl)‘} >

0<s1<s2<t0 8fimaxto
[s1—s2|<€

Hence, by virtue of the dominated convergence theorem we have that

E |exp { Sttmasto | sup {’A (s2) — 4 (Sl)’}

0<s1<s2<to VINT|

[s1—s2|<e

(C.64)

— E [exp < 8itmazto sup  {|Wal(s2) — Wa(s1)|}
0<s1<s52<1p
[s1—s2|<e

as r — 00. By a.s. continuity of a Brownian motion,

exp § Smazto sup {’Wa(SQ) - Wa(sl)‘}
0<s1<s2<t0
[s1—s2|<e

— 1

a.s. as € — (0. Since for every € > 0

0<s1<s2<t9
[s1—s2|<e

E |exp ¢ Sttmazto sup {IWa(s2) — Wa(s1)|} }

0<s1<s2<1p

< foxp {Sumasto (|_swp_ {1Was0) = Wasu)} ) ] < o
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Another application of the dominated convergence theorem yields that

E |exp 8mazto sup {’Wa(32) - Wa(sl)’} —1
0<s1<s2<t0
[s1—s2|<e

as € — 0. Thus, for every a@ > 0 we can find € > 0 such that

E exp 8lufmaxt0 sup {‘Wa(SZ) - Wa(sl)’} <1+ a/4
0<s1<s2<tp
[s1—s2|<e

Hence, from (C.64), we can find 79 > 0 such that for all r > rg

A" (s9) — A7 (s1))

VIV

0<s1<s2<t9
[s1—s2|<e

E |exp < 8itmazto sup { } <14 a/3. (C.65)

Next, observe that

Ar _Ar
E[exp{Bumuxto sup [47(s2) (51)] H
0<s1<s2<t0 VINT|

[A"(t) — A"t]
<E |ex 16mazto su —_— .
= [ P { 2 0 Ogtgo { *|NT|

Note that, for large enough 7, the term on the RHS of (C.66) is bounded by Lemma 10.

(C.66)

Hence, by selecting r large enough we can make the first term on the RHS of (C.63)
arbitrarily small for any € > 0.

Fix € > 0 and choose 7 large enough so that (C.65) holds for every r > r;. Now, for
this choice of € > 0 choose r9 large enough so that for r > 7o the first term on the RHS of

(C.63) is bounded by «/4. Therefore, for every r > ro

AT (s9)— A" (s
E [GXP {8,umaxto SUPo<s; <sa<to {—\/ IN"|Bs(s2 — s1) + %}H <l+a
by (C.63).
Next we outline the details how the second term on the RHS of (C.62) is handled.

Observe that

E [exp{&umaxto sup {—\/ |N"|Bs(s2 — s1)
0<s1<s2<tp
V1,V g ivi+(s2—s1)<to

Sj (v + (s2 = 51)) IN"]) = S; (v N"]) }}]
VINT|

J v S (INTIsL) = 85 (|NT|sd
\/|N"|Bs ‘ J ( 2) J ( 1

< E E|exp{ 8 ptimaxto  sup {—7(.9] —8]) + } .

= [ { 0<s? <sd <t 2 VINT]

J
=1
+
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It can be shown as above that for large enough r

NT|B : . S (IN"1s2)=S. (IN"|s?
E [exp{ 8J timaxto SupOSS{SSéSto {_ | J = (Sj2 - 3]1) + | J(‘ |Si}N—T](| ‘sl)| }} <1+ a/J,
for each j € J. O
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